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The convergence of wearable sensors and personalized medicine enhance the ability 
to sense and control the drug composition and dosage, as well as location and timing 
of administration. To date, numerous stimuli-triggered smart drug-delivery systems 
have been developed to detect changes in light, pH, temperature, biomolecules, 
electric field, magnetic field, ultrasound and mechanical forces. This review examines 
the major advances within the last 5 years for the three most common light-responsive 
drug delivery-on-demand strategies: photochemical, photoisomerization and 
photothermal. Examples are highlighted to illustrate progress of each strategy in drug 
delivery applications, and key limitations are identified to motivate future research to 
advance this important field.
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One objective of personalized medicine is 
to tailor drug therapies to each individual 
patient’s pathophysiology by combining data 
on the patient’s pharmacogenomics with 
information about their epigenetics, microbi-
ome, diet, environment and lifestyle  [1]. The 
goal is to not only match the right patient 
with the right drug but to also deliver the 
right dosage at the right time [2]. This requires 
innovative drug delivery technologies capable 
of customization. On-demand drug-delivery 
systems, also known as smart drug-delivery 
systems, are capable of exerting explicit con-
trol over where, when and how much of a 
drug is released by making release stimuli-
dependent. To date, there have been many 
different stimuli used (both alone and in 
combination) in smart drug-delivery systems, 
including pH, temperature, light, biomarkers, 
electric field, magnetic field and ultrasound, 
and excellent reviews of these delivery systems 
are available  [3–5]. A concise summary of the 

advantages and limitations of these categories 
of stimuli-responsive drug-delivery systems 
is highlighted in Table 1, and each bioactive 
molecule and clinical application has charac-
teristics that will make them good candidates 
for some of these smart drug-delivery systems 
and less than ideal for others. Regardless, all 
of these systems modulate release as a func-
tion of a specific stimuli and they work in 
either a closed or open circuit  [6,7]. Closed-
loop systems are self-regulated and respond 
to changes in the physiological environment 
to control release [8,9]. Open-loop systems are 
independent of the physiological environ-
ment and release biologically active molecules 
in response to a remote or external stimula-
tion  [6,8,9]. Ideally, the release profile of these 
systems is dependent upon both the intensity 
and duration of the stimulation. This degree 
of control and adaptability makes open-loop 
systems attractive candidates for drug carri-
ers in personalized medicine applications. In 
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particular, light-responsive on-demand drug-delivery 
systems are well suited for these applications since they 
allow for explicit temporal and spatial control.

Light as an external stimulus for smart drug-deliv-
ery systems is advantageous for a number of reasons 
including its noninvasive nature, high spatial resolu-
tion and temporal control, and convenience and ease 
of use. For these reasons, light has been extensively 
applied in a variety of biomedical applications beyond 
drug delivery, including image-guided surgery  [10], the 
photopolymerization and -degradation of tissue engi-
neering scaffolds [11] and photodynamic therapy for can-
cer  [12]. In this review, the major advances within the 
last 5 years for each of the major light-responsive smart 
drug-delivery mechanisms – photochemically triggered 
release, photoisomerization and photothermal release 
– are described. Examples are highlighted to illustrate 
progress for each mechanism, and key limitations are 
identified to motivate future research and advance 
the field. The scope has been limited to light actuated 

drug-delivery systems that have demonstrated triggered 
cargo release. There are many exciting approaches cur-
rently under way to advance the clinical effectiveness of 
light-actuated on-demand drug-delivery systems. Many 
have demonstrated successes as in vitro proof-of-concept 
systems, and some have produced promising preclinical 
in vivo results. However, there have not been any clini-
cal trials for light-actuated on-demand drug-delivery 
systems. In fact, the only open-loop systems to reach 
clinical trials are thermosensitive liposomes and iron 
oxide nanoparticles [13,14]. This is partly due to the com-
plex design of many open-loop systems including light-
responsive systems [3]. Therefore, going forward, it will 
be advantageous to keep the KISS principle in mind: 
keep it simple and straightforward.

Light-responsive smart drug-delivery 
systems
Ideal light-responsive delivery systems have high spa-
tial and temporal control over drug release; utilize 

Table 1. Advantages and limitations of closed- and open-loop on-demand drug-delivery systems.

Stimulus Advantage(s) Limitation(s) Ref.

Biomarker High target specificity Stability, potential leakage and possible 
immunogenicity of enzymes or antibodies used in 
the delivery system

[104,105]

pH Small changes in pH can result in significant 
chemical and physical changes in drug carrier

Limited to the clinical conditions that alter local pH [106]

Electrical Iontophoresis devices make electrical fields 
accessible in the clinic

Risk of damage to healthy tissue from electric 
source needed for deep tissue penetration 
(attenuation of stimulus)

[3,107]

Safe levels of electrical field strengths have 
been extensively studied

Electroresponsiveness is affected by many 
environmental factors (e.g., composition of 
aqueous medium, concentrations of electrolytes, 
presence of ionizable molecules)

Heat Cancer cells are sensitive to hyperthermia 
(i.e., apoptosis, increased sensitivity to 
radiation and chemotherapeutics)

Risk of superficial tissue damage from external 
heating source needed for deep tissue penetration 
(attenuation of stimulus)

[3,105,108]

Thermally responsive drug-delivery systems 
are in clinical trials

Light Ability to sequentially trigger multiple 
payloads

Questionable safety and/or biodegradability of 
materials

[3,6,51]

High degree of spatiotemporal precision Safety risks and low tissue penetration for UV-Vis 
light

Magnetic In addition to triggered delivery, capable of 
magnetically guided drug targeting and can 
act as a contrast agent for imaging

Potential toxicity from iron oxide [3,109,110]

Magnetically responsive drug-delivery 
systems are in clinical trials

Requires complex equipment set-up for adequate 
focusing, intensity and penetration depth

Ultrasound Minimal safety risks with low intensity and 
short exposures

Risk of damage to tissues with high intensity and 
long exposures

[111–113]

High degree of spatiotemporal precision Low drug carrier stability
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nonionizing radiation; are composed of biocompat-
ible materials; and can be easily tailored to the desired 
clinical application. Many light-based strategies have 
been used to design novel delivery systems and they 
can be classified into three broadly defined categories: 
photochemically triggered, where the absorbed light 
energy is sufficient to break covalent bonds directly 
or by a photochemical reaction; photoisomerization, 
where the excess energy causes structural changes; and 
photothermal, where the absorbed photon energy is 
dissipated via vibrational motion.

Photochemical
Drug-delivery systems under this classification use 
covalent bond cleavage regulated by light irradiation 
to facilitate the release of the encapsulated cargo. The 
work horse for photochemically triggered drug-deliv-
ery systems is the ortho-nitrobenzyl (o-nitrobenzyl) 
moiety, which upon irradiation with UV light irre-
versibly cleaves to release a free carboxylic acid and 
o-nitrosobenzaldehyde [15]. Other commonly used pho-
toresponsive moieties include coumarin- and pyrene-
derivatives, both of which contain ester bonds that are 
readily cleaved upon UV irradiation [16,17]. These sys-
tems require wavelengths of light that have sufficient 
energy per photon to break covalent bonds like UV 
and high-energy visible light. Recently, various strate-
gies have been employed to replace UV light with NIR 
light, which achieves greater tissue penetration than UV 
light  [18]. These strategies include two-photon absorp-
tion, triplet–triplet annihilation upconversion, second 
harmonic generation, upconverting nanoparticles and 
the use of NIR photosensitizers [19], and they have been 
successfully utilized in many different form factors.

Liposomes
Liposomes have been extensively used as drug carriers, 
and their popularity in the pharmaceutical industry 
is due to their ability to deliver both hydrophilic and 
hydrophobic drugs in addition to being biocompatible, 
biodegradable and having low toxicity [20–22]. Addition-
ally, liposomes can be made at the micro- to nano-scale. 
The stability of the liposome’s lipid bilayer ultimately 
controls the drug release profile. Liposome stability is 
dependent on the amphiphilic nature of the comprising 
lipids, which have a polar head group and hydrophobic 
tails that will spontaneously form bilayers in an aqueous 
environment to sandwich the hydrophobic tails between 
hydrophilic heads that are exposed to water [23]. Strate-
gies that have employed light to trigger the release of 
drugs have used photochemical reactions to disrupt the 
lipid’s hydrophilic/hydrophobic balance. In this section, 
the addition of photosensitizers rather than the use of 
two-photon absorption or upconverting nanoparticles is 

highlighted. However, it is important to note that these 
strategies have been previously used in phototriggerable 
liposomes [24–26], and recent reviews of phototriggerable 
liposomes are available [27–29].

One popular mechanism to disrupt the bilayer sta-
bility is by light-induced oxidation. This is accom-
plished by: adding a photosensitizer to the liposome 
bilayer to generate reactive oxygen species, and fabri-
cating liposomes containing unsaturated lipids. This 
was demonstrated by previous studies that showed vis-
ible light irradiation of photosensitizer-containing lipo-
somes fabricated using unsaturated lipids could trigger 
the release of the encapsulated dye  [30,31]. Recently, to 
increase the tissue penetration depth, the light-triggered 
release of the local anesthetic TTX from liposomes was 
achieved by adding an NIR-absorbing photosensitizer 
(PdPC[OBu]

8
) (Figure 1). A lipid containing biallylic 

hydrogens was used in the fabrication of the liposomes, 
which reacts with singlet oxygen to make lipid perox-
ides. This renders the lipids hydrophilic and destabilizes 
the hydrophobic interactions maintaining liposome 
integrity. In vivo studies demonstrated that injections of 
both phototriggerable liposomes and nonphototrigger-
able liposomes induced sciatic nerve blockade in rats for 
over 13 h due to the passive release of TTX. However, 
only the liposomes containing the photosensitizer could 
induce additional periods of nerve block with light 
irradiation at the 24- and 48-h time points  [32]. Addi-
tional in vivo studies using reactive oxygen species to 
destabilize liposomes have been recently reported [33,34]. 
Most recently, phototriggerable liposomes were shown 
to increase the mean survival of female nude mice with 
tumors from human pancreatic cancer xenografts to 
80.5 days compared with 22.5 days for the same treat-
ment without light irradiation  [33]. These liposomes 
were loaded with Dox and fabricated using DSPC along 
with the unsaturated phospholipid, DOPC. Small 
amounts of PoP were added to act as a photosensitizer 
and NIR-triggered release was achieved via the oxida-
tion of DOPC by reactive oxygen species generated from 
irradiating PoP.

Micelles
Micelles use molecules with hydrophilic heads and 
hydrophobic tails to create vesicles with hydropho-
bic cores for encapsulating and retaining hydropho-
bic drugs. This is in contrast to liposomes, which 
use lipid bilayers to separate an aqueous core from 
the bulk aqueous phase and are capable of delivering 
both hydrophilic and hydrophobic drugs. However, 
as is the case with liposomes, the on-demand delivery 
of drug from micelles is achieved by disrupting the 
hydrophilic/hydrophobic balance of the carrier. In 
this section, the use of two-photon absorption rather 
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Figure 1.  Photochemically triggerable liposomes. (A) Schematic of photochemically triggered release of TTX from 
liposomes. Irradiation of the photosensitizer with NIR generates singlet oxygen, which induces lipid peroxidation 
and subsequent liposome destabilization. (B) Percent release of TTX from liposomes at body temperature with 
and without near infrared irradiation (730 nm, 50mW/cm2, 10 min). Arrows at 5 h and 9 h time points indicate 
light exposure (λ). Figure adapted from [32]. 
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than the addition of photosensitizers or upconverting 
nanoparticles is highlighted and the reader is directed 
to recent reviews of photoresponsive micelles for a 
more extensive review [35,36].

A primary objective for many studies designing pho-
tochemically-triggered micelle drug-delivery systems 
has been to synthesize biocompatible materials for 
micelle fabrication [37–39]. For about the last 10 years, 
the goal has been to further enhance both the biocom-
patibility and utility of these systems by using nontoxic 

wavelengths of light that readily penetrate tissues [40]. 
This is being done by functionalizing micelles with 
photocleavable moieties that also have large two-pho-
ton absorption cross-sections. For instance, polymeric 
micelles have been prepared using a biocompatible 
diblock copolymer made from a hydrophilic PEO block 
and a PGA block, which is made hydrophobic by link-
ing it to a coumarin containing compound via the free 
carboxylic groups of the polypeptide. The coumarin 
pendant group has a high NIR two-photon absorption 
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cross-sectional area, and upon removal by light irradia-
tion converts the PGA block back to being hydrophilic, 
thereby destabilizing the hydrophilic/hydrophobic bal-
ance  [41]. These light-responsive micelles were used for 
the triggered release of rifampicin (antibacterial) and 
paclitaxel (anticancer), and the authors found that the 
two-photon removal rate of coumarin containing com-
pound was significantly slower (220 min) than the UV 
light removal rate (37 min).

Another group recently designed micelles using 
amphiphilic chitosan that had a o-nitrobenzyl group 
attached to the hydrophobic block that demon-
strated low cytotoxicity at low doses (12.5 mg/kg) 
in vivo [42,43]. Similar to previously mentioned systems, 
the payload is released due to hydrophilic/hydrophobic 
imbalance that occurs when the o-nitrobenzyl pen-
dant group is degraded into two hydrophilic parts by 
two-photon absorption of NIR light. Photolysis of the 
micelles was aided by the addition of cypate (Ex/Em: 
780/808 nm), a nontoxic (up to 10 μmol/kg) hydro-
phobic dye and analogue of the US FDA approved 
NIR imaging agent, cardiogreen  [44,45]. Specifically, 
the fluorescence emission of cypate promoted the two-
photon-induced cleavage of the o-nitrobenzyl group. 
This addition increased the percent release of a model 
drug from NIR light irradiation within the first 2 h 
from 25% without cypate to 72% with cypate [42]. The 
addition of cypate further improves the micelles’ func-
tionality since it has also demonstrated utility as both 
an imaging agent and a photothermal agent [46]. After 
functionalizing these micelles with target ligands, they 
demonstrated enhanced targeting and residence time 
in tumor sites. Furthermore, these micelles were capa-
ble of generating a strong photothermal response with 
NIR irradiation for energy-based ablation of cancer 
cells and photolysis for the release of anticancer drugs 
in nude mice with tumors from human breast cancer 
cell lines [43].

Hydrogels
Hydrogels are promising delivery vehicles because 
of their stability in aqueous environments and their 
mild processing conditions are compatible with frag-
ile cargo such as proteins. Because light offers precise 
spatiotemporal control, there is considerable interest 
in photodegradable hydrogels for on-demand delivery 
of protein therapeutics for applications ranging from 
wound healing and tissue regeneration to disease 
treatment  [47–51]. Much of the work in this field has 
been to fabricate photodegradable hydrogels out of 
different synthetic polymers by incorporating a pho-
toresponsive moiety to the polymer backbone. One of 
the most popular photoresponsive moieties for photo-
degradable hydrogels is the o-nitrobenzyl groups and 

work has been done to create a library of polymer-
izable o-nitrobenzyl macromers with varying func-
tionalities to allow for direct conjugation to various 
bioactive molecules and polymers  [52]. For example, 
crosslinks containing o-nitrobenzyl groups were used 
to hold together hydrogels made of PEG and PAM. 
To avoid using UV light, upconverting nanoparticles 
were loaded into the hydrogel and the in vitro release 
of large biomacromolecules was triggered with con-
tinuous wave NIR light  [53]. The nanoparticles were 
able to convert the NIR light to UV light within the 
hydrogel and cause photo-oxidation of the o-nitro-
benzyl moieties. This caused the hydrogel to break 
down and release the trapped biomacromolecules. 
Similarly, hydrogels fabricated by a Michael addition 
reaction between dextran (modified with the o-nitro-
benzyl moiety) and PEG underwent photodegrada-
tion resulting in 50% release of the model protein 
after 60 min of UV irradiation in vitro [54].

Since many different cellular processes or disease 
regulation would benefit from the delivery of more 
than one protein, hydrogels have recently been func-
tionalized with two or more different photocleavable 
molecular groups to selectively release two or more 
different proteins using different wavelengths of 
light. One such study incorporated up to three dif-
ferent photocleavable groups into the backbone of 
PEG macromers to make photodegradable hydro-
gels  [55]. All of the photocleavable groups contained 
the o-nitrobenzyl moiety but they each had varying 
modifications that changed their reactivity to differ-
ent wavelengths of light. When exposed to low inten-
sity (<45 mW/cm2) wavelengths of light ranging from 
365 to 436 nm for 5 min, the authors demonstrated 
the triggered sequential release of three different dyes 
(fluorescein, rhodamine and aminomethylcoumarin 
acetate). In another study, two different photorespon-
sive moieties (o-nitrobenzyl and coumarin methyles-
ter) were incorporated into PEG hydrogels in order to 
sequentially release BMPs for the osteogenic differen-
tiation of mesenchymal stem cells in vitro [51]. Specifi-
cally, the o-nitrobenzyl (405 nm) was used to tether 
BMP-2 and the coumarin moiety (365 nm) was used 
to tether BMP-7 to the hydrogel. Using ALP activity 
as a measure of osteogenic differentiation, the authors 
found that the greatest ALP activity were in cells 
exposed to both wavelengths of light in a sequential 
manner and that the ALP activity observed during 
sequential exposure was comparable to cells that had 
been exposed to native BMP-2 and BMP-7 also in a 
sequential manner. Together, these two studies pro-
vide an example for researchers to reference as they 
design new materials to deliver multiple proteins in 
sequence and with unique release profiles.
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Limitations & discussion of recent advances
These examples show that the majority of work done 
on photochemically triggered delivery systems has 
focused on: fabricating delivery vehicles that are bio-
compatible, have little-to-no leakage in the absence of 
stimulation and efficiently encapsulate drug; designing 
photolabile groups that can take advantage of strate-
gies to avoid the use of UV light, such as two-photon 
absorption and using upconverting nanoparticles  [19]; 
and achieving multiple release cycles  [32]. However, 
there are still challenges to overcome. For instance, 
photochemical triggering usually creates an irrevers-
ible change in the carrier, which means these systems 
are often ‘one-and-done’  [23,43], which could require 
multiple administrations of the drug carrier, and for 
those that have demonstrated pulsatile release, they 
fail to produce uniform release profiles from each light 
exposure [32,56]. Additionally, the same pool of photo-
responsive moieties are being used to design these new 
photolabile groups, and there are concerns about their 
biocompatibility. For example, the cleavage of o-nitro-
benzyl groups from polymeric side chains results in 
the release of nitrosobenzaldehyde, which is highly 
reactive and was previously shown to inhibit enzyme 
activity [57]. This photo-dependent enzyme inhibition 
was eliminated by the addition of thiols to the irradi-
ated solution, but it is still commonly reported in the 
literature that this by-product may produce unwanted 
side effects in vivo  [15]. However, there has been little 
reported evidence to support this claim and it is likely 
that the presence of reduced thiols in the cell protect 
them from damage  [58,59]. Also, many of the photo-
chemically triggered drug-delivery systems discussed 
in this section either require UV light or they are 
more efficiently actuated by UV light. These wave-
lengths can damage biological molecules (e.g.,  DNA 
and growth factors) and have poor tissue penetration, 
which has not only limited these systems to surface 
applications but also hindered their translation to the 
clinic [60]. Some systems have employed upconverting 
nanoparticles to overcome this limitation. However, 
the impact nanoparticles that upconvert NIR light 
to UV light have on human health is not well estab-
lished and further studies are required [61]. Other sys-
tems have used two-photon absorption of NIR light on 
photolabile groups that are designed for UV degrada-
tion. However, the lower energy associated with NIR 
light, coupled with the use of photolabile groups that 
have low two-photon absorption cross-sectional areas, 
requires irradiation times that are significantly longer 
than that of UV irradiation.

Clearly, novel strategies that move away from the 
use of UV responsive materials traditionally used in 
photochemically triggered drug delivery are needed. 

Indeed, work is already being done to create the next 
generation of photochemically triggered delivery sys-
tems. One such example was recently reported where 
a photocage designed for the delivery of active mol-
ecules  [62] was further modified to fabricate photo-
chemically triggered microparticles that delivered 
molecular cargo in vitro and in vivo with visible light 
irradiation  [63]. Specifically, microparticles fabricated 
from ANBB, which contains a photolabile bond in 
the polymer backbone, were loaded with hydrophobic 
cargo (Nile red for in vitro studies and dexamethasone 
for in vivo studies) and irradiated with blue visible 
light to trigger release. The in vitro results and pro-
posed mechanism of release are shown in Figure 2 and 
show that 2% of Nile red was released from nonirra-
diated controls while 57% was released from samples 
irradiated for 90 min. The in vivo experiment studied 
the anti-inflammatory effectiveness of dexamethasone 
released by blue light irradiation. The results showed 
that inflammation caused by carrageenan injections 
was lowered with greater efficiency by light triggered 
formulations than the free drug, which could readily 
diffuse from the injection site. Further research into 
the design of visible light and NIR responsive materi-
als that are also biocompatible, such as this example 
as well as others  [64,65], would help overcome some of 
the barriers photochemically triggered drug-delivery 
systems face reaching the clinic.

Photoisomerization
Light actuated drug delivery can also be achieved by the 
reversible conformational change of molecules induced 
by irradiation with UV and visible light. Azobenzenes 
are the most commonly used moieties for photoisomer-
ization reactions, and they contain two phenyl groups 
joined by a N=N bond that transitions from trans to 
cis confirmation with UV light irradiation and back 
with blue light irradiation [5]. A significant advantage 
of stimuli-responsive drug-delivery systems using pho-
toisomerization is that these molecules create a valve 
that can ‘turn-on/turn-off ’ drug release with good 
temporal resolution. These systems can also be used in 
single release systems  [66,67]. A recent review of light-
activated molecular switches, their mechanisms of 
action and strategies to engineer visible light-activated 
photoswitchable molecules is available [68].

Liposomes & micelles
A great deal of work in this field has aimed to fabri-
cate stable liposomes and micelles out of a variety of 
different phospholipids that either incorporate photo-
responsive molecules into the lipid bilayer or modify 
the phospholipid’s hydrophobic tails to include a pho-
toresponsive moiety [69]. One mechanism of action for 
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Figure 2.  Photochemically triggerable microparticles. (A) Particles made of polymer 1 swell in aqueous media when irradiated with 
visible light, which triggers drug release. This is caused by the deprotonation of the aci-nitro intermediate by tertiary amines within 
the polymer backbone, which leads to photocleavage and an increase in hydrophilicity. (B) Change in fluorescence intensity due to 
the triggered release of Nile red and (C) the relative and actual amount of Nile red released from photoexpansile polymer 1 particles 
(P-1-NR) with and without blue light irradiation (180 mW, 210 mW/cm2). (D) Change in particle diameter overtime with blue light 
irradiation. Figure adapted from [63]. Published by The Royal Society of Chemistry.

Polymer 1 aci-nitro intermediate
Photocleaved

hydrophilicity switch

Base-assisted
photocleavage

Hydrophobic
environment

hvvis

hvvis Swelling and release

A

B C D

F
lu

o
re

sc
en

ce
 a

t 
61

5 
n

m
 (

C
P

S
)

%
 N

ile
 r

ed
 r

el
ea

se
d

P
-1

-N
R

 d
ia

m
et

er
 (

µ
m

)

Time of visible light irradiation (min) Time of visible light irradiation (min)Irr. 90 min Not irr.

future science group

Recent advances in light-responsive on-demand drug-delivery systems    Review

these photoisomerizable groups is to use the conforma-
tional change to create a leaky lipid bilayer upon light 
exposure. Specifically, the transition from the tightly 
packed trans confirmation to the cis conformation is 
used to disrupt liposome bilayers  [28]. This strategy 
was recently used in nonphospholipid liposomes made 
of palmitic acid and cholesterol sulfate functional-
ized with azobenzene such that it was located at the 
center of the bilayers  [70]. Using the fluorescent mol-
ecule sulforhodamine B as the model drug, they dem-
onstrated triggered release with UV light irradiation 
and the cessation of release with blue light irradiation. 
Photo-triggered release is not only achieved through 
the steric effect of the trans to cis conformation change, 
it can be triggered by the increased polarity caused by 
the conformation change  [69]. This polarity change 
disrupts the hydrophobic/hydrophilic balance and 

carrier stability. For instance, a recent study reported 
using the hydrophobic, photoisomerizable group spi-
ropyran, which switches to the zwitterionic mero-
cyanine with UV light irradiation, in light-responsive 
SP-PMPC micelles [71]. In vitro release studies of Dox 
showed that UV irradiation accelerated release com-
pared with systems without UV irradiation. Addition-
ally, cytotoxicity studies of the micelles showed that 
they had good biocompatibility, which the authors 
attributed to the stealth phosphorylcholine outer shell. 
Finally, Dox-loaded micelles irradiated with UV light 
had better anticancer activity against HeLa cells than 
nonirradiated micelles.

An active area of research has been to utilize the vari-
ous strategies to overcome the dependence on UV light 
in these systems. For instance, one study recently pub-
lished a number of modified azobenzene groups with 
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responsiveness to visible and NIR light that could soon 
find utility in drug delivery applications [72]. Another 
strategy that has been investigated is the inclusion of 
upconverting nanoparticles. Micelles fabricated from 
the copolymer poly(isopropylacrylamide-co-spiropy-
ran methacrylate) self-assembled around lanthanide-
doped upconverting nanoparticles  [73]. In vitro stud-
ies demonstrated that these composite nanoparticles 
could deliver Dox with 7 min of NIR light irradiation 
(4.3 W/cm2) and be used to kill U-87 glioblastoma 
cells. Most recently, azobenzene-doped liposomes with 
lanthanide-doped upconverting nanoparticles were 
studied as a drug delivery system for chemotherapy 
in vivo. Specifically, DSPC was used to fabricate the 
liposomes, which contained azobenzene derivatives, 
and the upconverting nanoparticles were outfitted 
with a monolayer of phospholipids to facilitate their 
encapsulation into the hydrophilic cavities of the lipo-
somes  [74]. In vitro studies demonstrated 57% of the 
encapsulated Dox could be released after 6 h with 
intermittent NIR laser irradiation (2.2 W/cm2) and 
that the release profile could be modulated by the light 
intensity and duration of light exposure. The in vivo 
studies showed that the tumor growth was inhibited 
by the Dox-loaded light-responsive liposomes with 
980 nm irradiation (2.2 W/cm2, 20 min) in mice with 
multidrug-resistant human breast cancer tumors and 
the authors also reported negligible systemic toxicity 
from light-responsive liposomes.

Nanoparticles
Mesoporous silica nanoparticles are popular candi-
dates for on-demand drug-delivery systems that work 
via photoisomerization. This is due to their desirable 
properties for drug delivery, including biocompatibil-
ity, high pore volume, tunable pore size and versatile 
chemistry for surface functionalization. Excellent 
reviews of mesoporous silica nanoparticles are avail-
able [75,76]. The high pore volume and ability to tune the 
pore size means that high drug loading of both small 
molecule drugs as well as large biomacromolecules is 
possible. Furthermore, the versatility of silane chem-
istry means the surfaces of these nanoparticles can 
be easily functionalized such that these pores can be 
gated by molecules that are responsive to light [77]. For 
example, mesoporous silica nanoparticles functional-
ized with azobenzene, and containing a two-photon 
fluorophore, demonstrated triggered release of camp-
tothecin and subsequent cancer cell death in vitro [78]. 
Drug release was achieved by NIR light irradiation 
because the two-photon fluorophore emitted 420 nm 
light, which matched the azobenzene absorption band 
leading to successful isomerization of the azobenzene 
gates.

Most of the light-responsive systems have been used 
for the delivery of small molecule drugs but peptides, 
proteins and DNA and RNA for gene therapy have sig-
nificant therapeutic potential. Traditionally, hydrogels 
and nanogels have been used to deliver these cargos. 
Recently, self-assembled nanoparticles made of amphi-
philic cyclodextrins, which are capable of host–guest 
complexation with azobenzene in the trans confor-
mation, were used for the in vitro light-triggered cap-
ture and release of proteins and DNA  [79]. This was 
achieved by adding appendages to the azobenzene 
group – polyamines to produce cationic nanoparticles 
and tricarboxylate produce anionic nanoparticles – to 
electrostatically bind anionic proteins, and DNA and 
cationic proteins, respectively. Irradiation with 365 nm 
light induced dissociation of the self-assembly and sub-
sequent cargo release because UV-light causes photoi-
somerization into the cis conformation, which is not a 
suitable guest for cyclodextrin nanoparticles and leads 
to nanoparticle dissociation. Ultimately, this modular 
system has the potential to be adapted for a variety of 
applications.

Efforts have also been made to demonstrate in vivo 
efficacy, safety and stability. A recent in vivo study 
reported using spiropyran in light-responsive lipid-
PEG nanoparticles. The change in polarity caused the 
nanoparticles to shrink from 103 to 49 nm as spiro-
pyran switches to merocyanine with UV light irradia-
tion (Figure 3)  [80]. The shrinking of the drug carrier 
had two impacts on the efficacy of the delivery system. 
First, the nanoparticle’s penetration into mice fibrosar-
coma tissue tumor was enhanced because the smaller 
particles could more readily diffuse through the dense 
ECM of tumor tissue. Second, the decrease in volume 
was accompanied with expulsion of the encapsulated 
docetaxel. The authors note that skin’s high attenu-
ation of UV light required greater light intensity to 
trigger release and ways to overcome this include using 
two-photon absorption of NIR light or incorporating 
upconverting nanoparticles.

Limitations & discussion of recent advances
There are many different approaches being taken to 
improve the photoisomerizable on-demand drug-
delivery systems as evidenced by the systems reviewed 
here. Some of the work has been to design new pho-
toisomerizable groups that respond to visible or NIR 
light and can be readily incorporated into various 
types of delivery vehicles  [72]. Additionally, work has 
been done to design photoisomerization systems that 
can take advantage of strategies to avoid the use of UV 
light. These strategies include two-photon absorption 
and using upconverting nanoparticles  [73,74]. How-
ever, there are a limited number photoisomerizable 
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Figure 3.  Photoswitchable nanoparticles. (A) Photoisomerization reaction between spiropyran and merocyanine, 
and (B) schematic of the photoswitch ablenano-particles. (C) Percent release of the chemotherapeutic drug 
docetaxel from photoswitchable nano-particles in the absence of irradiation, and with 10 s UV irradiation  
(1 W/cm2, purple arrows, λ) at t = 0 as well as at t = 0, 12 and 24 h. Figure adaptedfrom reference [80].
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molecules being used currently, and there are concerns 
with their biocompatibility. For instance, a fraction 
of azobenzene molecules will be irreversibly degraded 
with light irradiation  [81] and azobenzene can also 
be degraded by azoreductase – an enzyme produced 
by bacteria in the GI tract  [82]. Unfortunately, some 
of the degradation products, including nitrobenzene, 
are considered toxic by the US FDA [6,83,84]. As is the 

case with other categories of light actuated on-demand 
drug-delivery systems, these systems have been limited 
to in vitro models due to biocompatibility issues not 
only with the photoresponsive moieties but also the 
light wavelength, intensity and duration. Fortunately, 
in vivo studies have provided promising results and as 
more are conducted, the safety and efficacy of these 
systems can be better established. Another trend that 
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is likely to receive greater attention in future stud-
ies is the design of delivery vehicles with additional 
functionalities beyond the triggered release of drug 
(e.g., size change with light irradiation). This is advan-
tageous for certain clinical applications, such as cancer 
treatment, where the tissue microenvironment can be 
leveraged to improve drug targeting and localize drug 
delivery to prevent the indiscriminate destruction of 
normal cells that cause the characteristic side effects of 
chemotherapy.

Photothermal
Photothermally triggered drug-delivery systems use 
materials that generate heat upon photoexcitation to 
affect thermally sensitive components of drug-delivery 
systems, which culminates with drug being released. 
There are two key components required to success-
fully fabricate photothermally triggered drug-delivery 
systems: a chromophore that efficiently converts light 
energy into thermal energy; and a thermally responsive 
material that rapidly responds to temperature changes 
in some manner, and leads to the release of drug. Per-
haps two of the most studied materials for these deliv-
ery systems are gold nanoparticles [85,86], and NiPAAm 
hydrogels [87]. Gold nanoparticles are popular because 
they are inert and nontoxic depending on their size, 
shape and surface chemistry  [88]. Additionally, they 
have tailorable optical and photothermal properties 
at the nanoscale also dependent upon their size and 
shape, which includes particles that absorb strongly in 
the NIR region of the spectrum  [89]. A recent review 
of additional photothermal agents used for triggered 
drug delivery is available [90,91]. NiPAAm is commonly 
used for triggered drug-delivery systems because it 
undergoes a reversible, temperature-induced change in 
hydrophobicity at its lower critical solution tempera-
ture. Above the lower critical solution temperature, 
NiPAAm goes from a swollen hydrogel to a globular 
state – expelling water and dissolved drug from the 
dehydrated network. The temperature at which this 
transition occurs can be tailored to physiological tem-
peratures by controlling the hydrophilic/hydropho-
bic balance with the addition of co-monomers to the 
polymer network  [92]. Beyond these materials, there 
are many different chromophores (e.g., carbon nano-
tubes and graphene oxide nanoparticles) and thermally 
responsive materials that have been used for photother-
mally triggered drug delivery, and various examples of 
form factors that have been developed.

Hydrogels & other form factors
Recent studies have aimed to identify suitable chro-
mophores that absorb either visible or NIR light. 
For instance, the photothermal response of the 

biocompatible chromophores cardiogreen, methylene 
blue and riboflavin were shown to rapidly generate heat 
(<2 min) when irradiated with either NIR or visible 
light. Further, the triggered release of model protein 
from NiPAAm hydrogels spiked with cardiogreen was 
achieved with 2 min of NIR light irradiation every 24 
h for 4 days [93]. In another recent study, the photother-
mal response of lanthanum hexaboride nanostructures 
that were imbedded in PCL microneedles was used to 
melt the microneedles for the on-demand transdermal 
delivery of Dox in vivo (Figure 4)  [94,95]. Investigators 
reported a pulsatile release profile with no detectable 
drug leakage during the off state. Significantly, the 
investigators reported that a single application of the 
microneedles that subsequently underwent three cycles 
of laser treatment (808 nm, 5 W/cm2) completely erad-
icated 4T1 tumors (stage IV human breast cancer) in 
mice within 1 week with no tumor recurrence and no 
significant body weight loss observed [95].

Micro- & nano-particles
Micro- and nano-gels of NiPAAm have recently been 
studied as form factors for the photothermally trig-
gered delivery of drugs. For instance, magnetite (iron 
oxide) nanoparticles, which produce a photothermal 
response with visible light irradiation, were added to 
NiPAAm microgels. These microgels were encapsu-
lated inside alginate hydrogels and further incorpo-
rated into PDMS skin patches for transdermal drug 
delivery [96]. Typically, transdermal drug-delivery sys-
tems are used for long-term delivery and are unable to 
achieve immediate release when drug action is needed. 
Instead, investigators successfully demonstrated trig-
gered release of dexamethasone – a steroid medication 
used for the treatment of skin and rheumatological 
disorders – with 4 × 1 h cycles of blue light exposure 
(474 mW/cm2) in vitro. Without light exposure, drug 
still diffuses from the microgels and with a cumulative 
release of 24% after the first 10 h and 50% after 40 h. 
This leakage was observed in the ex vivo study as well 
but fluorescence measurements of the rat skin showed 
a twofold higher fluorescence in areas exposed to light 
than skin blocked from irradiation.

In another recent study, NiPAAm nanogels were 
imbedded in an impermeable ethylcellulose membrane 
containing gold nanoparticles (the NIR light chromo-
phore) to create a membrane whose permeability was 
modulated by irradiation with light for the controlled 
release of aspart, a fast-acting insulin analog, from a 
drug reservoir  [97]. These devices were implanted in 
rats rendered diabetic with streptozotocin, and repeated 
triggered release of aspart was demonstrated on days 
1–3 and 14 with 30 min of 808 nm light irradiation 
(570 mW/cm2). On each of the four separate exposures to 
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Figure 4.  Photothermally responsive microneedles. (A) Schematic of NIR light actuated on-demand transdermal 
drug delivery from polycaprolactone microneedles spiked with photothermally responsive silica-coated lanthanum 
hexaboride nanostructures. (B) Percent release of Rhodamine 6G(R6G) from microneedles with four NIR laser on/
off cycles (808 nm, 5 W/cm2, 3 min) or without laser treatment in vitro.  
NIR: Near infrared. 
Figure adapted with permission from [94]. Copyright 2015 American Chemical Society.
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light over 14 days, the serum glucose levels were reduced 
(Figure 5) and in a separate in vivo experiment, the inves-
tigators reported a negligible effect on blood glucose lev-
els from control devices – aspart-loaded devices without 

irradiation and saline-loaded devices with irradiation. 
While this study focused on systemic delivery of drug to 
regulate blood glucose levels, the authors note that these 
devices could: be loaded with a range of different drugs 
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Figure 5.  Photothermally modulated permeable membrane. (A) Schematic of the reported device and a cross-section membrane 
containing NiPAAm nano-gels. (B) Decrease in serumglucose levels of diabetic rats after 4 cycles of dosing over 14 days at the same 
irradiance (808 nm, 570 mW/cm2, 30 min). Figure adapted from reference [97].
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for a variety of clinical applications; and be utilized for 
local drug delivery applications.

Liposomes
Heating of the liposomal lipid bilayer over its transi-
tion temperature destabilizes the liposome, as it goes 
from an ordered gel phase to a liquid crystalline phase, 
and allows drug to diffuse away. The phase transition 
temperature of the constituent lipids should be near 
but slightly above body temperature to be suitable can-
didates. Recently, photothermally triggered liposomes 

of the same diameter but designed to respond to dif-
ferent light wavelengths have been fabricated [98]. This 
was accomplished by depositing gold nanoparticles 
with different resonances (760 and 1210 nm) onto the 
surface of the liposomes through the formation of zero-
valent metal-lipid complexes. The liposomes were pri-
marily composed of DPPC and stabilized with DPPE-
PEG2000 and had a phase transition temperature 
around 40°C. MPPC was added to the formulation to 
increase the phase transition-induced permeability of 
the bilayer to the encapsulated cargo. The investigators 
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demonstrated spectral selectivity of release. Specifi-
cally, 3 min of exposure to 760 nm promoted full 
release of encapsulated fluorescein from the liposomes 
with a resonance peak at 760 nm while less than 13% 
release was seen from the gold-coated liposomes with 
a plasmon resonance peak at 1210 nm. Exposure to 
1210 nm light had the opposite effect: full release was 
achieved after 4 min of exposure from the liposomes 
with corresponding resonance peak at 1210 nm and 
less than 16% release from the liposomes resonant at 
760 nm.

Gold-coated liposomes were recently used to deliver 
local anesthesia in vivo. Specifically, liposomes fabri-
cated using DPPC and DPPG were used to locally 
deliver tetrodotoxin and dexmedetomidine in the 
footpad of rats [56]. These liposomes had a transition 
temperature around 41°C, and gold nanorods were 
chemically attached to liposomes in order to convert 
NIR light into heat. In vivo results showed investiga-
tors were able to do multiple light triggered releases 
over 4 days (808 nm, 10 min). This repeatable tran-
sient response to light irradiation is due to stabili-
zation of the liposomes, which traps the remaining 
drug, after the light irradiation has stopped and the 
temperature falls below the transition temperature. 
However, the duration of local anesthesia was reduced 
with each subsequent irradiation. For postoperative 
pain management, the ability to repeatedly trigger 
local anesthesia over a 5-day period after the initial 
nerve block had worn off is advantageous. Addition-
ally, the decreased dosage delivered with each light 
exposure coincides with the natural decrease in acute 
pain severity experienced by patients with each pass-
ing day. However, there may be clinical indications 
that require uniform drug dosages be delivered with 
each triggering event to be effective.

Limitations & discussion of recent advances
The systems reviewed here show that many different 
approaches are being pursued to improve the effi-
cacy of photothermal on-demand drug-delivery sys-
tems and test them in vivo. There have been efforts 
to identify and characterize visible light and NIR 
chromophores suitable for photothermally triggered 
drug-delivery systems besides gold nanoparticles. 
As a result, the selection of candidate chromophores 
is greater than the selection of photolabile moieties 
and photoswitchable materials. Gold nanopar-
ticles remain the popular choice, but the long-term 
in vivo effects of gold nanoparticles are currently 
unknown [99–101]. This strategy is perhaps most lim-
ited by the availability of thermally responsive mate-
rials that are both biocompatible and demonstrate a 
robust thermal response at physiologically relevant 

temperatures. Work is being done to identify candi-
date materials with both favorable thermodynamic 
properties and biocompatibility. NiPAAm is gener-
ally well tolerated and still remains the go-to mate-
rial; however, NiPAAm monomers have been shown 
to be cytotoxic [102] and the noncytotoxic or low cyto-
toxic molecular weight range for NiPAAm is not well 
defined. Consequently, further studies are required so 
that the toxicity of NiPAAm delivery systems can be 
minimized while still taking advantage of the physical 
and mechanical properties various molecular weights 
can produce in the final delivery system. Going for-
ward, it is important that photothermal on-demand 
delivery system use both thermally responsive materi-
als and chromophores that respond to biocompatible 
wavelengths of light and ideally have a proven track-
record of being safe in vivo. Perhaps one of the most 
promising (and simplest) photothermally triggered 
delivery system developed used water encapsulated in 
PLGA nanoparticles as the NIR light absorber. Upon 
irradiation with 1 W of NIR light for 5 min, the tem-
perature rose above the glass transition temperature 
of PLGA, which increased the PLGA chain flexibility 
thereby allowing drug to diffuse out  [103]. The high 
power and long exposure time required raises a con-
cern with photothermal systems that the heat used 
to trigger release could also damage the surrounding 
tissues. This highlights the need for either lighting 
equipment that can specifically target the delivery 
vehicle or the design of systems that achieve rapid 
heating within the delivery vehicle thereby reducing 
the amount of time exposed to light and the risk of 
raising the temperature of nearby tissue.

Conclusion & Future perspective
A summary of the reviewed light-actuated on-demand 
drug-delivery systems is presented in Table 2. It shows 
a strong early research pipeline but there is still much 
work to do. These systems have been designed to 
deliver therapeutics for clinical applications ranging 
from pain management and chemotherapy to fighting 
infections and inflammation. Unfortunately, there are 
no US FDA approved light-actuated on-demand drug-
delivery systems. These systems have been limited by 
issues with biocompatibility, and stability and increas-
ing complexity places even more obstacles for approval 
since the methods to synthesize these materials and 
prepare the delivery vehicles are not standardized  [4]. 
Over the past 5 years, researchers have made progress 
addressing these limitations by: employing strategies 
that replace UV with NIR light (i.e.,  upconverting 
nanoparticles and two-photon absorption); designing 
photoresponsive moieties to respond to either visible or 
NIR light and testing cytocompatibility in vitro; and 
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Table 2. Summary of reviewed light actuated on-demand drug-delivery systems.

Classification Carrier Payload (application) In vitro and in vivo study λ (nm) Ref.

Photochemical Liposomes  TTX (anesthetic) In vitro and in vivo in rats 730 [32]

Dox (chemotherapy) In vitro and in vivo in mice 665 [33]

Micelles  Rifampicin (antibacterial) 
Paclitaxel (chemotherapy)

In vitro 794 [41]

Paclitaxel (chemotherapy) In vitro and in vivo in mice 765 [42,43]

Microparticles Dexamethasone (anti-inflammatory) In vitro and in vivo in mice 400–500 [63]

Hydrogels   Model protein In vitro 980 [53]

Model protein In vitro 365 
 780

[54]

Dye In vitro 365–436 [55]

BMP-2 BMP-7 (stem cell differentiation) In vitro 365–405 [51]

Photoisomerization Liposomes  Dye In vitro 350–450 [70]

Dox (chemotherapy) In vitro and in vivo in mice 980 [74]

Micelles  Dox (chemotherapy) In vitro 365 [71]

Dox (chemotherapy) In vitro 980 [73]

Nanoparticles Camptothecin (chemotherapy) In vitro 760 [78]

Docetaxel (chemotherapy) In vitro and  
in vivo in mice

365 [80]

Model proteins 
DNA

In vitro 365 [79]

Photothermal Hydrogels Model protein In vitro 780 [93]

Microneedles Dox (chemotherapy) In vitro and in vivo in mice 
and rats

808 [94,95]

Microparticles Dexamethasone (anti-inflammatory) In vitro and ex vivo in rat 
skin

400–500 [96]

Nanoparticles  Aspart (diabetes management) In vitro and in vivo in rats 808 [97]

Dye In vitro 980 [103]

Liposomes  Dye In vitro 760–1210 [98]

TTX DMED (anesthetic) In vitro and in vivo in rats 808 [56]

BMP: Bone morphogenetic protein; DMED: Dexmedetomidine; Dox: Doxorubicin; TTX: Tetrodotoxin.

evaluating in vivo performance and biocompatibility 
of light-actuated delivery systems. Going forward, the 
biocompatibility of these drug-delivery systems will 
remain a critical consideration for researchers. Addi-
tionally, most in vivo studies have been performed on 
small animals and as a result, the ability of light-actu-
ated systems to deliver practical levels of the desired 
drug in larger animals (including humans) remains 
unknown and needs to be evaluated. Also, the response 
times of these systems to stimulation by light will be 
an important practical consideration for researchers 
designing on-demand delivery systems for clinical use. 
Finally, further research into quality control issues 
(e.g.,  shelf life, sterilization, reproducibility) will be 
required for clinical translation.

Although not a focus of this review, the instru-
mentation used to administer the light will also be 
a key consideration. Currently, many of the light-
actuated on-demand drug-delivery systems require 
expensive lasers in complex setups. For widespread 
utilization of light-triggered release systems, equip-
ment that patients and physicians can safely and eas-
ily use need to be designed. Ideally, these units would 
have a small footprint and be easily movable as well 
as reasonably affordable. In 2001, Kost and Langer 
envisioned a wristwatch-like system for on-demand 
drug-delivery systems that patients could wear and 
that could be either preprogrammed to trigger release 
at predetermined time points or the patient could turn 
it on as needed  [104]. The emergence of smartphones 



www.future-science.com 103future science group

Recent advances in light-responsive on-demand drug-delivery systems    Review

and smartwatches – many of which are already outfit-
ted with green and infrared LEDs – suggests such a 
system for administering light to trigger drug delivery 
is one-step closer to becoming a reality.

The convergence of wearable sensors and personal-
ized medicine enhances the ability to sense and con-
trol the drug composition and dosage in real-time. 
This requires novel drug-delivery systems to con-
trol the location and timing of drug administration. 
Light-actuated on-demand drug-delivery systems 
are an excellent choice for such applications and this 
review has shown that there are a number of promising 

systems in development. Future work should aim to 
make these systems clinically acceptable with greater 
sensitivity to light stimulation.
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