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Abstract

Background The design of smart, photoactivated nanomaterials for targeted drug delivery systems (DDS) has garnered sig-
nificant research interest due in part to the ability of light to precisely control drug release in specific cells or tissues with
high spatial and temporal resolution. The development of effective light-triggered DDS involves mechanisms including
photocleavage, photoisomerization, photopolymerization, photosensitization, photothermal phenomena, and photorearrange-
ment, which permit response to ultraviolet (UV), visible (Vis), and/or Near Infrared (NIR) light. This review explores recent
advancements in light-responsive small molecules, polymers, and nanocarriers, detailing their underlying mechanisms and
utility for drug delivery and/or imaging. Furthermore, it highlights key challenges and future perspectives in the development
of light-triggered DDS, emphasizing the potential of these systems to revolutionize targeted therapies.

Method A systematic literature search was performed using Google Scholar as the primary database and information
source. We searched the recently published literature (within 15 years) with the following keywords individually and in rel-
evant combinations: light responsive, nanoparticle, drug release, mechanism, photothermal, photosensitization, photopoly-
merization, photocleavage, and photoisomerization.

Results We selected 117 scientific articles to assess the strength of evidence after screening titles and abstracts. We found that
six mechanisms (photocleavage, photoisomerization, photopolymerization, photosensitization, photothermal phenomena,
and photorearrangement) have primarily been used for light-triggered drug release and categorized our review accordingly.
Azobenzene/spiropyran-based derivatives and o-nitrobenzyl/Coumarin derivatives are often used for photoisomerization
and photocleavage-enabled drug delivery, while free radical polymerization and cationic polymerization comprise two main
mechanisms of photopolymerization. One hundred two is the primary active radical oxygen species employed for photosensi-
tization, which is a key factor that impacts the therapeutic effects in Photodynamic therapy, but not in photothermal therapy.
Conclusion The comprehensive review serves as a guiding compass for light-triggered DDS for biomedical applications.
This rapidly advancing field is poised to generate breakthroughs for disease diagnosis and treatment.
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Introduction

Nanotechnology has advanced significantly over the past

5 Bryan Ronain Smith few decades particularly in the field of nanomedicine. The
smit2901 @msu.edu encapsulation of drugs within nanoparticles (NPs) confers
new advantageous properties upon them, such as enhanced
bioavailability, improved pharmacokinetics/circulation, and
reduced toxic side effects. The primary objectives of design-
ing NPs as a delivery system include control over NP size
and surface characteristics, as well as controllable release of
loaded drug at an optimal therapeutic rate [1]. A variety of
drug-loaded NPs have recently been developed, each with
beneficial properties and limitations that must be properly
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matched to the intended application; these include polymer
NPs, liposomes, inorganic NPs, drug conjugates, hydrogel
NPs, viral NPs, and metal-organic frameworks (MOFs),
among others [2].

The outstanding innovations in the field of drug-loaded
NPs notwithstanding, many drugs remain dangerous with
high morbidity and even mortality without a carrier system
that permits some form of targeted delivery specific to the
disease site and/or to diseased cells. Targeted delivery takes
many forms, from relatively simple antibody-drug conju-
gates and polymer-drug conjugates to precisely-engineered
nanosystems and controlled release medical devices. Preci-
sion engineering of nanosystems can allow control over drug
release including tuning rates of release. Indeed, controlled
drug release is pivotal in modern disease treatment because
it can significantly enhance the efficiency and safety of ther-
apeutic regimens. Unlike traditional drug delivery methods,
controlled release systems deliver drugs at a steady, predict-
able rate, allowing maintenance of drug levels within the
therapeutic range over extended time periods [3]. This inno-
vation minimizes the frequency of dosing, improving patient
compliance, especially for chronic conditions that require
long-term treatment. Additionally, controlled drug release
minimizes the risk of side effects and toxicity by avoiding
sudden systemic spikes in drug concentration. Therefore,
controlled drug release is a crucial advancement in achieving
better health outcomes for patients [4].

Controlled release strategies include intrinsic release (i.e.,
triggered by interaction with physiological molecules and
environments in vivo) and extrinsically-triggered release.
Extrinsic release strategies such as light, sound, and elec-
tromagnetism are appealing because they engineer control
over drug release even after the materials have been injected
in vivo, and they can be exquisitely targeted site-specifically
simply by precisely aiming the energetic beam. To engi-
neer these sorts of technologies into carriers, the burgeon-
ing field of nanotechnology has paved the way for signifi-
cant advances in medical therapeutics—particularly in the
design of controlled drug delivery systems. Amongst these
innovations, intrinsic stimuli including pH [5], redox [6],
enzymes (matrix metalloproteinases, cathepsin, urokinase
plasminogen activators) [7], Adenosine triphosphate (ATP)
[8], and external physical stimuli (such as, temperature [9],
electromagnetic fields [10], light [10], and sound [11]) as
triggers to control drug release have drawn the most atten-
tion. Across the various stimuli, optical (light) energy is con-
sidered attractive for release of small molecules and other
biomolecules from nanomaterials due to ease, cost, excellent
spatiotemporal control, and precise control of optical param-
eters such as wavelength, irradiation density, and duration.
Light commonly used for light-responsive delivery nano-
carriers can be divided into three wavelength-based catego-
ries: ultraviolet (UV (200400 nm), visible (Vis) (400-700
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nm), and near-infrared (NIR) (NIR I: 700-1000 nm; NIR II:
1000-1700 nm) light [12, 13]. The energy range of UV light
is appropriate to trigger cleavage, isomerization, rearrange-
ment or cross-linking reactions in many photoactive chromo-
phores. However, poor tissue penetration and high photo-
toxicity limit the application of UV light in clinical practice
[14]. Compared to UV light, NIR and far-red Vis light (>600
nm) display higher tissue penetration depths due to endog-
enous chromophores’ and biomolecules’ (e.g., blood, water,
and melanin) minimal attenuation and refraction. However,
only relatively few photoresponsive chromophores respond
directly to NIR because of the low energy of NIR light,
which is insufficient to trigger most photoresponsive reac-
tion processes including bond cleavage or isomerization
[15]. As a result, two-photon excitation and NIR-to-UV
upconversion have been developed to take advantage of the
merits of NIR and UV/visible light for activating photore-
sponsive reactions. Two-photon excitation tends to be less
damaging to tissue than one-photon excitation, as it employs
photons with half the energy required for one-photon excita-
tion, typically in the NIR region. This method reduces cell
damage and improves tissue penetration by decreasing both
photon absorption and scattering since lower energy can be
used [16]. An advantage of two-photon methods is that it is
label free—the cost is that a relatively high intensity of light
must be used in order to ensure sufficient two-photon con-
version events within a short timeframe in the focal plane.
Compared with two-photon excitation, upconverting NPs
(UCNPs), which produce NIR-to-UV upconversion, allow
use of reduced intensity pulsed lasers. The ‘price’ for this
low intensity approach, which is several orders of magni-
tude lower, is that UCNPs must be used/injected in order to
produce the signal. Two-photon applications may require a
standard fluorophore or certain types of biomolecular struc-
tures such as collagen to produce second-harmonics that can
be imaged without fluorophores [17]. Moreover, the lower
UC quantum yields and restricted irradiation wavelengths
limit their applications [18].

Light-triggered drug release has potential uses across var-
ious clinical applications, including dermal, endoscopic, and
intraoperative strategies. In dermal applications, drug-loaded
NPs may be delivered to the disease site through subcutane-
ous, intravenous, or intratumoral injection, after which light
is applied to the skin to trigger drug release at the site of
application. This approach offers minimally-invasive treat-
ment options. In endoscopic procedures, light-triggered drug
delivery systems can be precisely activated within the body
using light delivered via endoscopes equipped with light-
emitting fibers [19]. Such methods allow local delivery of
drugs through an image-guided approach in or near internal
organs or tissues, providing a minimally-invasive alterna-
tive compared with traditional surgical methods. In addi-
tion, NIR-responsive nanocarriers have gained considerable
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attention for use in image-guided surgery and intraopera-
tive treatment. For example, FDA-approved intraoperative
Fluobeam 800 imaging system [20] is valuable due to its
ability to provide high-contrast signals in malignant tissue
compared with the surrounding healthy tissue.

In this review, we systematically provide an overview
on current advances in light-responsive nanodrug delivery
systems and their mechanisms, including photocleavage,
photoisomerization, photopolymerization, photosensitiza-
tion, photothermal phenomena, and photorearrangement. We
also cover current challenges and future perspectives on the
development of light-responsive nanocarriers in practical
controlled drug delivery and imaging applications.

Photoisomerization
UV-triggered photoisomerization

Isomerization is a reversible molecular conformational
change between the trans conformation and the cis confor-
mation. The “photo” prefix indicates that the change in con-
formation is caused by irradiation light generally in the UV,
visible, or NIR part of the electromagnetic spectrum [11].
Photoisomerization is a crucial mechanism in controlled
drug delivery due to its ability to trigger drug release with
high spatial and temporal precision. Such precision allows
non-invasive controlled drug release to be achieved using
light as a stimulus. Also important is photoisomeriza-
tion’s compatibility with different nanocarriers (including
liposomes, polymeric NPs, and mesoporous silica NPs)
without significantly altering their physicochemical prop-
erties or stability. The more stable frans isomer has a planar,
rod-like shape and low polarity, while the metastable cis iso-
mer has a larger dipole moment with a bent or “banana-like”
shape (Fig. 1a) [21, 22]. This alteration in spatial structure
is accompanied by a change in polarity, which results in
the destabilization of the isomer-modified nanocarriers and
subsequent drug release. One way that photo-isomerization
processes can be monitored is by ratiometric detection [23].
Gold NPs were modified with Azobenzene (AZO), and
energy transfer was shown from the modified AZO to gold
NPs (diameter <2 nm) upon 360 nm excitation, producing
sensitized NIR emission (Fig 1b). The excitation efficiency
of the gold core is much higher for the trans than the cis
form of AZO, causing a 60% decrease in the NIR emission
intensity from gold NPs due to the trans-cis photoisomeriza-
tion. Thus, photoisomerization can be monitored by ratio-
metric detection of gold NP NIR emission upon dual UV
(360 nm) and Vis (480 nm) excitation. This strategy might
also be used to estimate drug release from NPs by monitor-
ing the photoisomerization process in photoisomerization-
enabled drug delivery systems.

Given their valuable optical properties, AZO and spi-
ropyran (SP)-based derivatives are often used to engineer
silica NPs, liposome, micelles and polymeric NPs for con-
trolled drug release [24-26]. For example, Mesoporous
Silica NPs (MSNs) have been used for photoisomerization-
enabled drug delivery via application of photoisomeriz-
able entities as molecular gatekeepers at the pore surface.
Merocyanine (MC)/SP was grafted to MSN pores, and
poly (amido amine) (PAMAM) dendrimers were linked to
MSN s to serve as switchable gatekeepers via electrostatic
interactions between negatively charged PAMAM and posi-
tively charged MC upon UV light irradiation (Fig 1c) [26].
Entrapped cargos with MSNs were released by opening the
pores via MC transformation to the neutral SP form upon
irradiation of visible light.

Zwitterionic UV-responsive polymeric micelles have
also been used for drug delivery. For example, doxorubicin
(DOX) loaded micelles were prepared with a notably low
critical micelle concentration (CMC) value of 0.037 mg/
mL by self-assembling SP-poly(2-methacryloyloxyethyl
phosphorylcholine) polymer (SP-PMPC) [27]. Through
reversible photochemical isomerization of hydrophobic
SP to hydrophilic MC, the self-assembly and disassembly
of SP-PMPC micelles can be precisely regulated by UV
irradiation. Similar to the disassembly of UV-responsive
micelles, monoacylated AZO amphiphile- (AzoC10N™*)
based liposomes were used as a controlled drug delivery
system by disrupting the liposomes via isomerization of
AzoC10N* from its trans form to cis form (Fig 1d) [28].
Nonphospholipid liposomes were formed using decyl-
azobenzyl-triethylammonium [AzoC,;,N*] and a sterol,
cholesterol sulfate (Schol) (25/75 molar ratio). AzoC,(N*
and Schol display similar lengths, maintaining liposomal
stability. Sulforhodamine B (SRB) was encapsulated in and
consistently released from liposomes for 2 mins upon excita-
tion of 350 nm for 120 s and 150 s; thus, the trans—cis pho-
toconversion remained even post-illumination and “static”
leaky structures formed on liposomal membranes. Crucially,
the trans form was swiftly restored by exposing the samples
to 450 nm light for 180 s, as evidenced by the fact that no
SRB was released following the illumination (Fig 1d).

In contrast to liposomes, polymersomes offer unique ben-
efits such as enhanced structural durability, customizable
architectural characteristics, and easy integration of multiple
functionalities, such as encapsulation of NIR porphyrin dye
for imaging, encapsulation of anti-cancer chemotherapeu-
tic drugs, and modification of ligands on polymer chains
to target molecules in vitro and in vivo [29]. Photochromic
polymersomes with adjustable and reversible bilayer perme-
ability were fabricated using poly(ethylene oxide)-b-PSPA
(PEO-b-PSPA) diblock copolymers by exploiting the pho-
toisomerization properties of SPA, a SP-based monomer
(Fig le) [30]. SP moieties reversibly switched between a
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Fig.1 a) Structural changes of AZO and SP upon UV light illumina-
tion [21]. Copyright 2021 Elsevier. b) Schematic of AZO modified
gold NPs for producing sensitized NIR emission. ET: energy transfer.
Copyright 2016 Angewandte Chemie. c) UV-triggered cargo release
from MC/SP grafted MSNs by opening the pores through isomeriza-
tion of MC/SP [26]. Copyright 2007 Wiley. d) UV-triggered disas-
sembly of SP-based liposome and probe release upon 350 nm irradia-

hydrophobic SP state (A2 > 450 nm irradiation) and a zwit-
terionic MC state (Al < 420 nm irradiation), resulting in
a shift from impermeable to selectively permeable. Inter-
estingly, MC-based polymersomes sustained 5-dFu release
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tion for 120 s (black line) and 150 s (red line) [28]. Copyright 2014
American Chemical Society. €¢) Amphiphilic PEO-b-PSPA diblock
copolymers self-assemble into polymersomes. SP moieties within
polymersome bilayers undergo reversible photo-triggered isomeriza-
tion, resulting in membrane permeability switching from impermea-
ble to selectively permeable and subsequent cargo release [30]. Copy-
right 2015 American Chemical Society

upon short UV irradiation duration and on-demand release
upon alternating UV —visible light irradiation due to the SP-
to-MC transition. However, positively-charged doxorubicin
hydrochloride (DOX-HCI, 580 Da) and negatively charged
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calcein dye (623 Da) were not released from MC polymer-
somes, presumably due to their larger molecular size com-
pared to 5-dFu (246 Da).

NIR-triggered photoisomerization

While UV light is photochemically valuable in diverse reac-
tions, the phototoxicity, genotoxicity, and poor tissue pen-
etration of this wavelength of light hamstring its biomedical
utility. Thus, different mechanisms have been investigated
to replace UV light with higher wavelengths such as NIR
light to tune or convert photoisomerization toward a bio-
logically friendly regime [22]. One strategy to apply NIR

(@) Mcsop:’ro
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layer on UCNPs. Copyright 2013 Wiley. c¢) Preparation of hollow
polymer nanocapsules and NIR (800 nm)-induced decomposition in
180 nm nanocapsules, resulting in scattered polymer and 20 nm NPs.
Copyright 2018 Wiley. d) Photoisomerization of AZO upon 980 nm
NIR induced a volume change in the lipid layer and molecule release.
2018 American Chemical Society

light for photoisomerization is to incorporate upconver-
sion NPs (UCNPs) to combine lower energy (NIR) photons
to produce a higher energy (UV) photon that can act on
nearby isomerizable molecules. For example, copolymers
incorporating SP, referred to as poly(isopropyl-acrylamide-
co-SP methacrylate), were developed to self-assemble into
micelles (Fig 2a) [31]. Within these micelles, the cores
consisted of hydrophobic segments containing SP, while
the shells consisted of hydrophilic segments containing
poly(isopropylacrylamides). Concurrently, hydrophobic
UCNPs and Coumarin 102 were encapsulated into the core
alongside the self-assembly of the polymers. Under NIR irra-
diation, UCNPs emitted UV light, triggering isomerization
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from the hydrophobic SP to hydrophilic MC. This transition
disrupted the balance between hydrophilicity and hydropho-
bicity within the micelles, leading to controlled release of
Coumarin 102. In another case, photoisomerization of AZO
was used as a molecular “stirrer” to trigger DOX release
from mesoporous silica-coated UCNPs upon NIR irradiation
[32]. AZO was grafted into mesopores of the SiO, shell layer
of UCNPs (Fig 2b). Upon NIR laser irradiation, the UCNPs
emitted UV (350 nm) and visible (450 nm) light simultane-
ously, inducing continuous AZO rotation-inversion through
the trans-to-cis photoisomerization of the AZO molecules
within the mesopores. This continuous back and forth ‘wag-
ging’ motion of AZO acted as a molecular impeller that
triggered DOX release from the mesopores. While the utili-
zation of UCNPs holds promise, this approach carries cer-
tain limitations for in vivo applications. Drawbacks include
low quantum yield [33], a requirement for close proximity
between UCNPs and AZO moieties due to the proximity-
dependent nature of the energy transfer mechanism involved,
the in vivo toxicity of UCNPs, and the fact that their clear-
ance from the human body has not been comprehensively
explored [34, 35].

Alternative methods to achieve drug release through the
photoisomerization of AZO include micelle-triggered disas-
sembly, nanocapsules decomposition, and increasing lipid
bilayer volume upon NIR irridiation [24, 36, 37]. Trans-
AZO and cyclodextrin (CD) exhibit robust affinities due to
supramolecular host—guest interactions, whereas cis-AZO is
not recognized by the CD cavity. Employing this chemical
quirk, irradiation of NIR (800 nm) triggered the departure
of AZO from the CD cavity, thereby causing disassembly
of the AZO/CD-based hyperbranched conjugated polymer
(HCP)-PEG micelles and thus DOX release [36]. To apply
the nanocapsule decomposition approach, nanocapsules
were prepared through a layer-by-layer assembly strategy of
poly(diallyldimethylammonium chloride) and poly[1-{4-(3-
carboxy-4-hydroxyphenylazo)benzenesulfonamido }-
1,2-ethanediyl] (PDADMAC/PAZO) polymers on spheri-
cal SiO, colloids. These colloids were etched to create
hollow-structure nanocapsules (Fig 2c) [38]. UCNPs and
AZO were incorporated in the polymer shells during the
polymer assembly process. Reversible photo-isomerization
of AZO, stimulated by NIR (800 nm), induced continuous
rotation—inversion movement, resulting in the decomposition
of the 180 nm nanocapsules (initial size) into scattered poly-
mers and 20 nm NPs. DOX was released from DOX-loaded
nanocapsules during the decomposition to treat glioblastoma
in a rodent model. 50% of loaded DOX was released in 60
mins upon NIR irradiation (1.5 W/em?).

Photoisomerization of AZO exhibits substantial utility in
regulating lipid bilayer permeability [37]. AZO-modified lipid
layers were used to coat UCNPs for molecular release (Fig 2d).
Photoisomerization of AZO upon 980 nm NIR stimulation
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induced lipid bilayer disruption and volume change, initiating
the release of Nile Red dye embedded within the hydrophobic
core. While reversible photoisomerization strategies are prom-
ising for developing several diverse drug delivery platforms,
some AZO molecules undergo irreversible degradation upon
exposure to light or through enzymatic action by azoreductase,
resulting in potential toxicity in vivo [39].

Photocleavage
ONB derivative-based photocleavage

Similar to photoisomerization, photocleavage allows non-
invasive, spatiotemporally-precise triggering of drug release.
The primary difference between photoisomerization and
photocleavage is that while photoisomerization involves
the rearrangement of atoms within a molecule, changing
its geometric structure/conformation without breaking the
molecule, photocleavage involves the cleavage of a chemical
bond within a molecule upon exposure to light, which results
in the creation of new molecules or reactive intermediates.
In addition, photoisomerization is often reversible, allowing
the same molecule to toggle between different forms under
alternating light conditions. Photocleavage, on the other
hand, typically results in irreversible bond breakage. Pho-
tocleavage has been used as an efficient albeit irreversible
approach for constructing light-responsive photocleavable
drug delivery systems based on reactions with photochromic
copolymers. The C—O bond in the ester group of o-nitroben-
zyl (ONB), C-C bonds in the cyclobutane ring of coumarin
derivatives, and C-N bonds in 7-amino coumarin [40] are
the most commonly-used photocleavable linkers [41]. These
reactions, triggered by light exposure, lead to the rupture of
one or more chemical bonds, which in turn can govern drug
release through pre-designed structural modifications in the
delivery systems. Photochromic molecules can be situated
within the side chain, main chain, or middle block junction
of copolymers, each imparting unique light-sensitive charac-
teristics. Consequently, these three classes of photochromic
copolymers produce the primary photocleavable modes of
NP disruption and cargo release [12, 41].

One of the most extensively-researched photolabile
groups, ONB derivatives find broad applications as part of
organic syntheses and polymeric material production. Upon
UV or NIR irradiation, ONB derivatives generate free radi-
cal intermediates, followed by hydrogen abstraction, result-
ing in the formation of resonance-stabilized benzylic radi-
cals. Subsequent rearrangement of this radical species via
a five-membered ring intermediate yields a liberated car-
boxylic acid along with a nitrosobenzaldehyde byproduct
(Fig 3a) [11]. By taking advantage of ONB’s photocleavage
properties, an amphiphilic micelle based on block copolymer
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photocleavage of ONB derivatives [11]. [12] [53] Copyright 2023
Springer. b) Photocleavage mechanism of a coumarin derivative.
Copyright 2019 Wiley. c) Illustration of photo-dimerization (>300

N-succinyl-N’-4- (2-nitrobenzyloxy)-succinyl-chitosan
(SNSC) was developed, including NIR dye in the core and
2-nitrobenzyl moieties on the hydrophobic block. SNSC was
synthesized in three steps. First, chitosan was reacted with
succinic anhydride to form N-succinyl-chitosan [42]. Next,
the carboxyl group of 2-nitrobenzyloxy succinyl ester was
activated using DCC/NHS. The activated ester was reacted
with the free amine on N-succinyl-chitosan to form SNSC.
Micelles based on SNSC were then formed through self-
assembly under sonication. The micelles dissociate upon
NIR illumination (765 nm). With a very long photocleav-
age reaction time of ~50 hrs, 100% of the fluorescein, which
was used as a model drug, was released upon NIR irradiation
[43].

The photocleavage properties of ONB have also been
used to disrupt electrostatic equilibrium to release drug
from NPs [44]. Positively-charged UV-labile poly(ethylene
glycol) was synthesized with ONB as side groups, and
then these polymers were grafted onto negatively charged
silica-coated upconversion NPs (UCNP@silica) via elec-
trostatic interaction. Upon NIR irradiation, UCNP@silica
emitted UV light, initiating the ONB group cleavage and
formation of carboxylic acid. This reaction intensified the
electrostatic interaction between UCNP @silica and coated
polymers, releasing the encapsulated drug [44]. In another
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nm) and photo-cleavage (<300 nm) reactions between two coumarin
molecules. Copyright 2021 MDPI. d) Light-triggered drug release
from coumarin-grafted MSNs. Figure was reproduced from Ref 50.
Used with permission

application, ONB was utilized to modulate the hydro-
phobic/hydrophilic characteristics of polymers for drug
release. A photolabile poly(4,5-dimethoxy-2-nitrobenzyl
methacrylate) (PNBMA) shell was applied onto UCNP@
silica. Upon NIR irradiation, PNBMA underwent pho-
tolysis, altering the surface properties of UCNP @silica@
PNBMA from hydrophobic to hydrophilic. This transfor-
mation occurred as the hydrophobic ester group converted
into a hydrophilic carboxylic acid. The size of UCNP@
silica@PNBMA consequently increased from 108 nm to
140 nm, facilitating the release of DOX [45]. Another type
of well-studied nanomaterial is gold NPs (Au NPs). In a
simple scheme, an anticancer drug, 5-fluorouracil (5-FU),
was attached to the surface of Au NPs by covalently con-
jugating the drug to ONB. Upon exposure to 365 nm UV
irradiation, ONB underwent photocleavage, releasing
the attached 5-FU to act on disease cells [46]. ONB has
similarly been used to design photoresponsive liposomes,
hydrogels, and mesoporous silica NPs [47]. However,
despite its popularity, the cleavage of ONB results in the
production of highly cytotoxic, reactive nitrosobenzalde-
hyde. This byproduct can strongly inhibit enzyme activity,
potentially leading to undesired side effects in vivo [39].
Thus, ONB-driven photocleavage response is unlikely to
be clinically translatable in most applications.
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Coumarin derivatives-based photocleavage

The coumarin family encompasses numerous derivatives,
known for their low toxicity, excellent stability, high molar
absorption coefficients at longer wavelengths, and vibrant
fluorescence emission characteristics [41]. Among the vari-
ous coumarin derivatives, (coumarin-4-yl)methyl esters
have garnered attention as one of the most rapidly reactive
photosensitive groups. A single pulse of UV light at 337
nm for 0.5 ns can significantly weaken the C-O ester bond
[21]. When subjected to UV or NIR light, the ester group
undergoes decomposition into an ionic intermediate, sub-
sequently leading to hydrolysis and the release of carboxyl
and hydroxyl groups (Fig 3b). Coumarin-containing poly-
mers have been widely used to prepare cross-linked micelles,
polymeric NPs, hydrogels, dendrimers, and MSNs. For
example, NIR-sensitive micelles were prepared using the
block copolymer poly(ethylene oxide) (PEO) and poly(L-
glutamic acid) bearing 6-bromo-7-hydroxycoumarin-4-yl-
methyl groups, PEO,,,-b-P(LGA-co-COU),, [48]. This
micelle disassembled upon 794 nm NIR irradiation by
removing coumarin groups from the polypeptide block,
thereby destabilizing the micelles’ hydrophilic—hydropho-
bic balance and resulting in the release of antibacterial and
anticancer drugs. However, the photocleavage reaction time
for coumarin-containing micelles is very slow; ~80% of the
drug released after ~55 h NIR irradiation. Based on the same
strategy, coumarin has also been used to design photocleav-
able 2-hydroxyethyl methacrylate-based NPs (> 350 nm UV
light) [49], hydrogels (365 nm UV light) [40], and coumarin
grafted MSNs [50]. For example, a low-molecular-weight
hydrogel which exhibited photocleavage at the C-N bond
(a new photosensitive site) in 7-amino coumarin upon UV
irradiation (365 nm), was synthesized through n-n stacking
interactions between gelators. Photocleavage-driven gel-sol
transition triggered the release of the antineoplastic agent
cytarabine hydrochloride from the hydrogel [40]. Unlike
ONB-based compounds, coumarin derivatives exhibit
reversible photo-dimerization and photo-cleavage properties
(Fig. 3c), making them more adaptable for achieving tem-
porally- and spatially-controlled drug delivery. For instance,
7-[(3-triethoxysilyl)propoxy] coumarin was grafted on the
surface of MSNs, which had drug encapsulated in the pores.
365 nm UV light triggered the photo-dimerization of cou-
marin, resulting in pore closure. Conversely, 254 nm UV
light triggered coumarin photocleavage, opening the pores
and releasing drug (Fig. 3d) [50].

While coumarin and ONB have been extensively
employed in the design of photosensitive drug delivery
systems, NIR-wavelength photocleavage reaction times are
much longer due to the low two-photon-absorptions of these
chromophores than by UV light, exemplified by coumarin-
or ONB-containing micelles. Furthermore, the simultaneous

@ Springer

absorption of two photons necessitates high laser power den-
sity and the use of a femtosecond pulse laser is required [51]
(less accessible and more resource-intensive compared to a
UV lamp [52]). Therefore, incorporating a strategy such as
UCNPs to augment light sensitivity and decrease irradia-
tion duration is sometimes imperative to achieve efficient
on-demand drug release. Moreover, research on coumarin-
containing polymeric nanomedicines is relatively limited,
likely owing to the intricate synthesis of photocleavable
coumarin derivatives compared to commercially available
ONB derivatives [41].

Photopolymerization
UV and visible light-triggered photopolymerization

As discussed in section "Photocleavage”, photocleavage
causes breakage of chemical bonds, often producing smaller
molecular fragments. Conversely, photopolymerization leads
to the generation of polymers from monomers. Photopolym-
erization is thus primarily used in the fabrication or assem-
bly of nanomaterials such as drug-delivery nanocarriers.
Photopolymerization processes occur via optical irradiation
of monomers in the presence of a photoinitiator, which initi-
ates a polymerization reaction by producing reactive spe-
cies (cationic, anionic, free radicals). Photopolymerization
can be performed with UV (330-450 nm), halogen lamp
(400-520 nm), green LED (520-530 nm), or NIR light. Pho-
topolymerization falls into two main categories as a func-
tion of variations in the reaction mechanism: free radical
polymerization and cationic polymerization. Among these,
free radical polymerization has broader application owing
to the heightened reactivity of the free radicals it generates
[54]. Propagation of the polymerization reaction is achieved
by free radicals which attack suitable monomers with subse-
quent generation of free radicals involved in further propa-
gation (Fig 4a) [11]. Propagation stops and polymerization
terminates when the radical on the polymer chain encoun-
ters another radical [54]. Photopolymerization offers several
advantages over conventional thermal and solution-based
polymerization methods. First, it allows precise spatiotem-
poral control of the polymerization process by adjusting the
exposure area and duration of light exposure. Second, it is
a rapid process, often complete in just seconds to minutes.
Third, photopolymerization can be implemented in water
and organic solvents at room temperature. Last, photopoly-
merization can be employed to create or stiffen biomaterials
in situ, offering a minimally invasive approach [55, 56] that
can avoid some of the in vivo delivery problems associated
with larger nanocarriers.

Photopolymerization has been widely used in hydro-
gel preparation. Hydrogels exhibit three-dimensional,
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cross-linked polymeric structures, making them particu-
larly appealing due to their substantial water retention and
compatibility with biological systems. To facilitate sustained
release of the drug bevacizumab in the suprachoroidal space,
a light-activated gel composed of polycaprolactone dimeth-
acrylate (PCM) and hydroxyethyl methacrylate (HEMA) was
synthesized in situ within rat eyes. This process employed
2,2-dimethoxy-2-phenylacetophenone (DMPA) as a pho-
toinitiator, exposed to 365 nm UV light for a duration rang-
ing from 3 to 10 minutes (Fig 4b) [57]. The purpose was
for drug release from the hydrogel to ameliorate choroidal
neovascularization. Following 10 mins of UV irradiation,
the gel/bevacizumab was confined at the injection site in
excised rabbit eye suprachoroidal space, with sustained anti-
body release for approximately four months [57]. However, a
potential flaw with the approach is that the free photoinitia-
tor, decomposing into a benzoyl free radical, induced toxic-
ity in ARPE (human retinal pigment epithelial cells) cells.
This toxicity triggered oxidative stress and inflicted damage
on lipids, proteins, and DNA within the eye.
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American Chemical Society. ¢) UV/Vis light activated nanogel-inte-
grated hydrogels for controlled drug delivery. Copyright 2017 Ameri-
can Chemical Society. d) Preparation of DNA nanospheres by pho-
topolymerizing X-DNA monomers upon UV illumination. Copyright
2010 Wiley

Compared with plain hydrogels, nanogel-integrated
hydrogels exhibit higher swelling behavior and drug load-
ing amounts. For instance, poly(methacrylic acid-g-ethyl-
ene glycol) (P(MAA-g-EG)) and acryloyl group-modified
cholesterol-bearing pullulan (CHPOA) served as a nanogel-
integrated hydrogel. This hydrogel was developed by dif-
ferent photopolymerization approaches at visible (514 nm)
and UV (300 nm) wavelengths to control delivery of the
anticonvulsant drug, pregabalin (PGB) (Fig 4c) [58]. In this
work, tetraethylene glycol dimethacrylate and erosin Y were
chosen as the cross-linker and photoinitiator, respectively.
Nanogels exhibited improved swelling ratios (~5% higher)
compared to plain hydrogels, enhancing the PGB release
percentage from 87.9% to 99.86%. In addition, nanogel-
integrated hydrogels showed better morphological integrity
when hydrogels were synthesized under visible light com-
pared with those synthesized via UV light. Interestingly,
photopolymerization has also been used to prepare contact
lens material for ocular drug delivery using 2-hydroxy ethyl
methacrylate (HEMA) and N-vinylpyrrolidone (NVP). This
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approach applied poly ethylene glycol diacrylate (PEG-DA)
as the cross-linker and initiator upon 15 mins of UV irra-
diation [59]. Subsequently, drug-loaded NPs (ranging from
52.3 to 83.4 nm) with PEG as the outer shell, poly HEMA
as the inner shell, and polycaprolactone (PCL) as the hydro-
phobic core were incorporated into HEMA-co-VP hydro-
gel lenses. This method of NP incorporation into hydrogels
offered prolonged drug release over 12 days. However, the
hydrogel physicochemistry suffered, displaying an increased
lens modulus and decreased ion and oxygen permeabilities.
Such effects are potentially concerning for clinical trans-
lation because sufficient ion permeability is vital to reduc
direct abrasion to the eye and a sufficient oxygen supply
to the cornea helps maintain corneal integrity and provides
defense against infection.

In addition to the application of photopolymerization to
prepare hydrogels, UV light has also been used to polymer-
ize DNA nanospheres. DNA can serve dual roles as both
a genetic and a sort of generic material for molecular con-
struction. Of particular interest is X-shaped DNA (X-DNA),
which features four branched arms, as it offers multivalent
functionalities capable of enabling simultaneous multiple
crosslinking. Four acrylate-functionalized X-DNA mono-
mers were synthesized by conjugating poly(ethylene gly-
col) acrylate groups (PEGA) to oligonucleotides. X-DNA
monomers were subsequently photopolymerized to form
monodisperse DNA nanospheres upon 10 min UV illumi-
nation to deliver DOX to mammalian cells (Fig 4d). The
size of the DNA nanosphere (225 to 540 nm) is adjustable
simply by varying the concentration of X-DNA monomers
from 100 nM to 1 pM [60]. Intriguingly, DOX can exhibit
dual functionality as an anticancer drug and as a co-catalyst
for the polymerization of monomers such as acrylamide,
acrylate, and methacrylates under blue light exposure [61].
By taking advantage of this property, polymeric NPs were
prepared via photopolymerization of N,N-diethylacrylamide
in the presence of poly(oligo(ethylene glycol) methyl ether
acrylate) monomer and DOX upon irradiation of blue light
(485 nm) [61]. Over 75% of DOX was released from the
NPs into PBS within 7 days. Following uptake by murine
melanoma (B16-F10) cells, DOX-loaded NPs effectively
inhibited tumor cell proliferation by 40% after incubation
for 24 hours. Although the precise mechanism of how DOX
facilitates photopolymerization remains unclear, its ability
to augment the polymerization process renders this strategy
appealing for co-loading additional potentially synergistic
drugs for combination therapy.

Green and NIR light-triggered photopolymerization

In addition to UV- and halogen lamp-triggered pho-
topolymerization, green LED light has also been used to
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photopolymerize polymethyl methacrylate (PMMA)-based
NPs [62]. In this process, photopolymerization took place
under visible 520-530 nm irradiation, with Eosin Y/trietha-
nolamine as photoinitiators and ethylene glycol dimeth-
acrylate as the crosslinker. In vitro drug release (5-FU and
MTX) studies demonstrated that the NPs exhibited a bipha-
sic response with an initial burst release within 5 h, followed
by a sustained logarithmic release for up to 32 h at pH 5 and
pH 7 PBS. However, poor tissue penetration and high energy
absorbance by tissues under 520-530 nm irradiation limit its
application in vivo.

UV and visible light display limited penetration depth
in organic materials such as biological tissues. Addition-
ally, the use of high-energy irradiation, like UV light, can
pose safety concerns and lead to undesirable reactions such
as self-initiated polymerization, polymer degradation, and
genotoxicity [54]. Therefore, for in vivo applications, NIR
light is preferred for inducing polymerization due to its
deeper penetration and reduced photodamage to biological
systems. Thus, UCNP-assisted photopolymerization offers
distinct advantages, including high chemical stability, low
toxicity, resistance to photobleaching, narrow emission
bandwidth, and significant anti-Stokes shifts [54, 63]. For
instance, UCNP-assisted photopolymerization has been used
to form a polymeric shell around UCNPs upon 980 nm NIR
illumination, with 2-hydroxyethyl methacrylate (HEMA)
as monomer and N,N’-ethylenebis- (acrylamide) (EbAM)
as cross-linker, benzophenone/triethylamine as UV initia-
tor and eosin Y/triethylamine as visible light initiator (Fig
5a) [63]. The polymer shell’s properties can be tailored to
be either hydrophilic or hydrophobic, charged or neutral, or
chemically reactive or inert, depending on the monomers
selected. The light intensity plays a crucial role in UCNP-
assisted polymerization: higher laser intensity enhances
curing depth and monomer conversion due to intensified
upconversion emissions (Fig 5b) [64]. However, emission
intensity reaches a plateau at a certain laser power level, and
excessive laser power is likely to lead to overheating [54]
and phototoxicity.

Photosensitization

Classification of ROS

Photosensitization is a critical component in photodynamic
therapy (PDT), an increasingly valuable localizable thera-
peutic approach that applies light to promote eradication
of disease states. Also known as photosensitization-induced
oxidation, photosensitization is a process that gener-
ates radical oxygen species (ROS) such as singlet oxygen
(102), hydroxyl radicals (¢OH), superoxide anions (*O3) or
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hydrogen peroxide (H,0,) [21] to induce damage or death
of target cells.

While '0, is the primary active species in cancer
PDT therapy, the 'O, quantum yield of most PSs (such
as BODIPY) is low under low NIR power density, which
restricts their PDT applications. To address this issue, a
pyrrole-substituted iodinated BODIPY (BDPI) molecule
was designed and encapsulated in mPEG5000-b-poly/(e-
carbobenzoxy-L-lysine) (PEG—PLys) NPs for EMT6 tumor
PDT treatment (Fig 6a) [65]. The lO2 quantum yield was 0.8
and some tumors disappeared without a wound upon low
power illumination (660 nm, 25 mW/cmZ).

intensities. Copyright 2016 Elsevier
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species. Copyright 2014 Elsevier. c) Preparation of TPAQ-Py-PF6-
Albumin complex for PDT. Copyright 2023 American Chemical
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Mitochondria are the key organelles responsible for pro-
ducing *O; through the one-electron reduction of the O, mol-
ecule. This "0 serves as the primary precursor for generating
highly oxidizing or reducing species that trigger oxidative
cascades within the cell [66]. Compared to «OH, *0; reacts
significantly less with non-radical species in aqueous solution
[67]. The development of an organic NIR-II PS (TPEQM-
DMA,) allowed efficient production of «OH and O} through a
hypoxia (low O,)-dependent (<0.1% O,) type-I photochemi-
cal process under white light irradiation. TPEQM-DMA led
to mitochondrial dysfunction and suppressed CT26 tumors
growth after PDT treatment (100 mW/cm?, 10 mins) [68].
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Singlet oxygen is not the only key cytotoxic ROS in PDT.
H,0, is produced through the dismutation reaction of *O;.
After accepting one electron, H,O, can break down into
*OH and OH". Subsequently, the «OH can interact with an
electron and a proton, leading to the formation of H,O (Fig
6b) [69]. Primarily generated through the Fenton reaction
involving H,0O, and metal species, such as iron or copper,
*HO is the most reactive radical [68]. «¢HO, with its strong
oxidizing ability, is considered the primary antitumor agent
in type I PDT [70]. Leveraging this characteristic, a cationic
photosensitizer (PS), TPAQ-Py-PF6 (TPA=triphenylamine,
Q=anthraquinone, Py=pyridine), was developed and incor-
porated into the hydrophobic domain of bovine serum albu-
min NPs (BSA NPs) (Fig 6¢). The electron-rich microenvi-
ronment of BSA facilitated «HO generation, resulting in a
strong antitumor PDT effect upon white light irradiation (80
mW/cm?, 10 mins) [70].
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Factors that affect PDT efficiency

PDT requires the presence of molecular oxygen, a PS, and
excitation light in the absorption regime of the photosen-
sitizer (generally in the red spectral region, A> 600 nm).
Upon light absorption, a PS undergoes transformation from
its ground state (PS) to a short-lived (a few nanoseconds or
less) intermediate electronically-excited and unstable singlet
state (PS,). Subsequently, the PS, state can either i) decay
back to the PS, state by losing energy via fluorescence emis-
sion or heat production; or ii) progress to a more stable, less
energetic and long-lived (up to tens of us) electronically-
excited state (PS,) through spin conversion of the electron
in the higher-energy orbital (Fig 7a) [21, 71].

Many factors affect PDT efficiency. For example, 1O2
is the predominant cytotoxic ROS produced during PDT
[72]. Yet the short lifetime of 1O2 (<0.04 us) restricts the
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Fig.8 Schematic diagrams of
organic and metal-based photo-
sensitizers
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oxidative damage induced by PDT affecting such a molecule
to a spherical volume of ~20 nm radius, centered at its pro-
duction point [73]. Other factors that affect PDT include the
local oxygen level, oxygen consumption rate, and the type
of light applied (e.g., continuous or pulsed laser). Tumor
tissue often presents distinct pathological characteristics
such as severe hypoxia, which limits PDT effectiveness. To
overcome this limitation, a complex of hemoglobin, polydo-
pamine, and photosensitizer was encapsulated into artificial
red blood cells (AmmRBC), which showed 10-fold higher
corpuscular hemoglobin than natural RBCs (Fig 7b) [74].
Continuous wave (CW) light at high fluence rates caused
significant oxygen depletion and reduction of PDT effects.
For example, the O, level in murine radiation-induced
fibrosarcoma (RIF) tumor decreased from 2.9~5.2 mmHg
(averaged in 10 mice) to 0.7~1.1 mmHg after 1 min light
illumination (630 nm, 30~150 mW/cm?, Smg/kg Photofrin
photosensitizer) [75] (Fig 7c). However, O, levels rebounded
to normal once illumination is interrupted. In addition, mice
treated with PDT at 30 mW/cm? fluence show enhanced
tumor inhibition compared with 150 mW/cm?[75]. PDT’s
cytotoxic effects on mouse renal carcinoma cells (Renca)
using pulsed light was significantly lower than that using
CW light [76]. Therefore, PDT optimization requires careful
consideration of factors such as oxygen level and consump-
tion as well as the type of light used in order to enhance
therapeutic efficacy, particularly in the context of tumor-
specific characteristics such as hypoxia.
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Another key factor that affects photosensitization is the
class of photosensitizer. Commonly used organic PSs include
porphyrins, phthalocyanines, indocyanine dyes, BODIPYs,
DPP, and curcumin (Fig 8). Porphyrins exhibit hydrophobic
properties, and their absorption bands (400~600 nm) fall
within the visible range, limiting their utility in PDT appli-
cations [78]. Phthalocyanines exhibit absorption in the 650
~ 800 nm range with high singlet oxygen-producing abil-
ity [79]. Phthalocyanines are also capable of forming metal
complexes with Zn, Al, and Si atoms et al., which further
increase their singlet oxygen-producing ability. Several phth-
alocyanine-based photosensitizers have undergone clinical
trials. For instance, photofrine is approved for cancer treat-
ment [77], Aluminum(III) chloride phthalocyanine tetrasul-
fonate (AIPCS4) is approved for PDT of superficial bladder
cancer [78], and Photosens received clinical approval in
Russia to treat skin, breast, gastrointestinal, lung malignan-
cies, and eye neovascularization [80]. While CGP55847, a
liposomal formulation of unsubstituted ZnPc developed by
Ciba-Geigy, entered Phase I/II clinical trials on squamous
cell carcinomas of the upper aerodigestive tract, no human
clinical trial data is yet available [79]. Indocyanine dyes,
including clinically-used indocyanine green (ICG), IR-825,
and IR-780, have been used for fluorescence imaging and
PDT due to their NIR absorption and excellent biocompat-
ibility. While the introduction of heavy atoms to indocyanine
dyes can improve 'O, generation, cytotoxicity is simultane-
ously increased [78]. Additionally, indocyanine dyes exhibit
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low photostability and high levels of photobleaching [81]. A
potential limitation is that most organic PSs tend to exhibit
aggregation-induced fluorescence quenching and reduced
ROS generation. This effect is particularly pronounced when
PSs are encapsulated within NPs, leading to diminished PDT
effects.

Beside the traditional organic PSs, metal-containing
polypyridine or tetrapyrrolic atoms (for example, Ru (II),
Sn (IV), Pd (II), Lu (1), Pt (II), Pt (IV), Os (II), Re (I), or Ir
(IIT)) are being intensely investigated as PSs. All PSs men-
tioned in this section are summarized in Fig. 8. Ru (II)-based
PSs usually display high water solubility, high 'O, produc-
tion rate, high photochemical stability, prolonged excited
state lifetime, and little or no photobleaching [77, 78, 82].
However, Ru (II)-based PSs lack significant absorption in
the primary biological optical window (600—900 nm) and
generally display poor tissue penetration depth [82]. Simi-
larly, Ir (III)-based PSs exhibit high 'O, production capabil-
ity due to their longer excited lifetime (up to ~2 ps) [83]. In
addition, the photochemical and photophysical properties
of Ir(IlI)-based PSs advantageously can be easily tuned by
their ligands through introduction of electron-withdrawing
and electron-donating groups [78]. However, 1) poor water
solubility and cytotoxicity of Ir(IlT)-based PSs hinders their
application, ii) the inherently short excitation wavelength
results in poor tissue penetration, a key obstacle in clinical
application, and iii) their PDT efficacy is directly related to
tumor oxygen content [84]. Nonetheless, important progress
has been made with Ir(IlT) complexes in PDT. For instance,
Ir(IIT) polypyridine poly(ethylene glycol) (PEG) complexes
were designed to increase Ir(IIl) biocompatibility [85], Ir
(IIT) based MOFs were developed for deep PDT applica-
tion upon X-ray irradiation [86], and oxygen-independent
Ir (IIT) anthraquinone complex as a mitochondrion-localized
carbon-radical initiator could damage the mitochondrial
membrane upon irradiation [87]. Similar to Ir (III)-based
PSs, Re (I)-based PSs do not show good solubility in aque-
ous media, but they advantageously display lower heavy-
metal toxicity compared with other metal-based PSs [88].
Os-based PSs show distinct advantages over other transition
metal compounds, including those containing Ru, Ir, and Pt
complexes. These compounds absorb light at longer wave-
lengths and exhibit emission maxima in the near-infrared
region, enhancing deep tissue penetration [89].

Several of these metal complexes are undergoing clinical
trials (Fig 7d) [77]. For example, Ru (II)-based PSs (TLD-
1433) has entered into phase II clinical trials in Canada for
bladder cancer, and padeliporfin/WST09 (TOOKAD), a
palladium-coordinated bacteriochlorophyll «, is in phase I/II
clinical trials to treat prostate cancer [77]. Nonetheless, most
PSs operate via the O,-dependent Type-II PDT mechanism
through energy transfer between excited PSs and adjacent
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tumor-endogenous O, to yield toxic singlet oxygen (102).
Because of this mechanism, the lack of oxygen in aggres-
sive and drug-resistant tumors poses a significant chal-
lenge for PDT treatment. To avoid this problem, alternative
approaches have been developed, such as the photoactivation
of Pt-based PSs display O,-independent manner [89, 90].
Furthermore, although photosensitizers induce cytotoxic-
ity only upon light exposure, they also tend to accumulate
in tumor surroundings due to nonspecific cellular uptake,
potentially leading to damage to surrounding healthy tis-
sue. Moreover, because the photodynamic effect is confined
to a limited illuminated area, PDT is impractical for treat-
ing metastases given that whole-body irradiation, includ-
ing internal regions, would be challenging particularly at
requisite light intensities. Indeed, as with all light-related
applications, PDT effectiveness is constrained by limited
light penetration, even in the NIR, and the local nature of
the treatment. Only tumors situated <1.5 cm beneath the
skin can be effectively damaged [78]. However, more ener-
getic electromagnetic radiation can potentially overcome the
seemingly insurmountable obstacle of the penetration depth
of light: X ray-activated PDT occurs when X-rays are trans-
duced to UV/Vis light by leveraging wide band gap mate-
rials as scintillators. Such materials include metal-organic
frameworks, gold nanoclusters, radioluminescent nanophos-
phors, QDs, and lanthanide-based NPs. The emission of UV/
visible light can be subsequently harvested by nearby PSs
to generate ROS [66]. This transition from energetic to less
energetic photons in deep tissues enables the high depth of
penetration enjoyed by radiation in the x-ray regime. X-PDT
displays other advantages too, including its ability to remain
unconstrained by oxygen levels, and that it can be designed
such that substantially reduced radiation levels (<5 Gy) are
required for tumor ablation compared to traditional radia-
tion therapy (50~80 Gy) [91]. Ce**-doped lanthanum(III)
fluoride (LaF; :Ce*™) NPs and protoporphyrin IX (PPIX)
loaded poly(d,I-lactide-co-glycolide (PLGA) microspheres
were developed for cancer applications. Here, energy trans-
ferred from LaF3:Ce3Jr NPs to PPIX upon X-ray irradiation
(2 Gy) generated 'O, to damage cancer cells [92]. In another
example, a core—shell Ce'"-doped LiYF,@SiO,@ZnO struc-
ture was designed to emit UV light from the Ce-doped
LiYF, nanoscintillator upon X-ray irradiation [93]. This pro-
cess enabled the generation of electron-hole (e —h*) pairs
in ZnO NPs, leading to the formation of hydroxyl radicals
for enhanced antitumor therapeutic efficacy with minimal
dependence on the depth and oxygen levels. The mechanism
is analogous to a type I PDT process. While the biomedi-
cal applications of X-PDT remain in the early development,
the field’s promise is apparent and poised to generalize the
power of PDT to deep tissues.
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Photothermal

Photothermal therapy (PTT) is a treatment method that uti-
lizes light-absorbing agents (such as gold NPs, iron oxide
NPs, graphene NPs, Platinum NPs, dyes) to convert light
energy (typically ranging from ~700-1400 nm) into ther-
mal energy. This energy is then selectively applied to tar-
get tissues, often cancerous cells, using heat to induce cell
death [94, 95]. Unlike PDT, the efficacy of PTT is generally
independent of oxygen levels because it relies on heat gen-
eration, which in turn can also enhance blood flow within
the tumor. Scientists have used mild temperatures (<45 °C)
rather than high temperatures to kill cancer cells, as higher
temperatures (45-90 °C) may more likely affect both cancer
and nearby normal cells (e.g., through enzymatic and mito-
chondrial dysfunction) and ultimately necrosis [96]. Even if
PTT agents such as PEGylated carbon nanotubes are directly
injected into the disease site, e.g., intratumorally injected,
they may still accumulate in tumor-adjacent lymph nodes

PEG-PDMAEMA@

PEG-PDMAEMA@)IC

at different time points after injection with SWNT-PEG. c) Photos
of India ink-stained whole lungs. Copyright 2014 Wiley. d) Chemi-
cal structure of PEG-PDMAEMA @ DNQ and its hydrophilic coun-
terpart after Wolff rearrangement under NIR or UV light irradiation.
Copyright 2018 The royal society of chemistry

[97] (which are not necessarily cancerous) within a short
time period (e.g., 20 min, Fig 9a-b). The temperatures of
tumor and lymph node increased to ~55 °C and 47 °C upon
NIR illumination, respectively, after intratumoral injection
of PEGylated single walled carbon nanotubes as a PTT
agent. To increase the therapeutic efficiency and decrease
tumor metastasis, NIR was illuminated on both tumor and
lymph node at two different power densities (0.8 W cm™ for
lymph node vs. 0.5 W ¢cm™2 for tumor) to compensate for the
lower accumulation of carbon nanotubes in the lymph node.
This strategy thus remarkably inhibited pulmonary metas-
tasis and offers greatly improved animal survival (Fig 9c).
Upon mild PTT, substantial heat shock protein (Hsp)
upregulation typically occurs. Hsps can enhance the heat
stress tolerance of cancer cells and increase the likelihood
of tumor recurrence [94, 98]. Therefore, Hsp inhibitors (such
as small interfering RNA, ATP inhibitor (glucose oxidase),
17-allylamino-17-demethoxygeldanamycin, Gambogic acid)
can be delivered to inhibit synthesis of Hsp and thereby
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improve PTT therapeutic efficacy [98]. Other parameters
such as NP size, morphology, surface modification, as well
as NIR power intensity, and wavelength are critical to PTT
outcome. For example, gold nanostars show higher photo-
thermal conversion efficiency than gold nanospheres and
gold nanorods upon illumination of 808 nm NIR light due
to their larger surface area [99]. Small platinum NPs (2 nm)
show 5% and 6% higher photothermal efficiency than their
80 nm counterparts at identical total mass upon irradiation
of 650 nm and 808 nm laser, respectively [100]. This effect
also occurs with other metallic NPs: normalized by total
mass, smaller Au NPs display better absorption capacity and
higher PTT efficacy because they require much less laser
energy than larger Au NPs to kill a tumor cell [101]. Three
major NIR parameters, wavelength (~730~840 nm), inten-
sity (1.85~9.75 W/cm?), and power (105~800 mW), have
shown intriguing impact on PTT effects using poly(acrylic
acid)-coated superparamagnetic iron oxide NPs [102]. The
selection of an appropriate NIR wavelength is often essential
for successful in vivo experiments, as water, hemoglobin,
lipids, and melanin within the biological environment absorb
photons, and biological tissues scatter photons, which sig-
nificant restricts tissue penetration depth particularly in the
visible spectrum (several mm) [103].

In addition to metallic NPs, carbon-based NPs (carbon
quantum dots, graphene nanosheets, carbon nanotubes,
etc.), semiconductor-based NPs (MoO;_,, WO, ,, etc.), and
organic molecules (indocyanine green, polypyrrole polyani-
line, etc.) have been used extensively for PTT [95]. However,
clinical application of these photothermal NPs may be chal-
lenging. The clinical safety profile of AuroLase® therapy,
which began initial pre-clinical studies in the 1990s, is based
on PEGylated silica-gold nanoshells (Auroshells™) and
has only recently been published. It remains under multi-
site clinical trials [104]. The safety profile for intravenous
administration of Auroshells™ was demonstrated in patients
with prostate cancer. Yet an important limitation is the heter-
ogeneity in the accumulation of Auroshells™ within a tumor
site after intravenous administration due to the heteroge-
neous tumor vasculature [105]. Pharmacological methods,
such as vascular permeabilization, vascular normalization,
vascular disruption, could be potentially used to overcome
the heterogeneity of Auroshell™ distribution within the
tumor in future clinical trials [106].

In addition to the photo-mechanisms applied to therapeu-
tic and imaging applications described in sections "Photoi-
somerization" to "Photothermal”, UV or NIR light can also
induce molecular restructuring of light-sensitive chromo-
phores, a phenomenon known as photorearrangement.
Photorearrangement is a photochemical reaction wherein
a molecule undergoes a structural change that involves a
reorganization of its atomic connectivity. The product is a
different molecule from the reactant rather than simply an
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isomer. By contrast, during a photoisomerization process, a
molecule changes its geometric or stereochemical structure
without altering the atomic connectivity and the product is
an isomer of the reactant. A notable example of photore-
arrangement is the conversion of hydrophobic 2-diazo-
1,2-naphthoquinone (DNQ) to the hydrophilic 3-indenecar-
boxylic acid (ICA) moiety through a light-triggered Wolff
rearrangement (Fig 9d) [107]. This transformation from
hydrophobic to hydrophilic properties has been used to ini-
tiate the breakdown of micelles and organic NPs, thereby
releasing encapsulated drugs [108].

Conclusions and perspectives

Leveraging light as an external trigger for therapeutic and
diagnostic applications including drug delivery offers advan-
tages such as precise spatiotemporal control, minimal inva-
siveness, and the ability to sequentially deliver payloads on
demand, thus enhancing efficacy and functionality in drug
delivery and imaging applications. This systematic review
encompasses a wide array of photoactive drug delivery sys-
tems employing various mechanisms, including photocleav-
age, photoisomerization, photopolymerization, photosensiti-
zation, photothermal, and photorearrangement. Still, despite
promising initial results in this field, substantial challenges
remain to be overcome to reach clinical applicability and
success.

(1) Photoisomerization is a promising mechanism upon
which to develop diverse drug delivery platforms.
However, key photoisomer molecules such as some
AZO molecules can undergo irreversible degradation
upon exposure to light or through enzymatic action by
azoreductase, resulting in potential in vivo toxicity [39].
Moroever, long photocleavage reaction times do not
achieve controlled drug release in a timely manner; for
example, ~50 h NIR irradiation was required to release
100% of the drug from photocleavable micelles [43].
Similarly, cleavage of ONB results in the production of
highly cytotoxic reactive nitrosobenzaldehyde, which
can inhibit enzymatic activity and lead to undesired
side effects in vivo [39]. Thus, it will be necessary to
evaluate the safety of nanocomposites and photore-
sponsive molecules and to design around these toxic
byproducts. Key safety tests include photostability
tests, in vitro/vivo toxicity tests including hemocompat-
ibility of the nanocomposites, and phototoxicity tests
to evaluate the toxicity of the light itself independent
of the drug.

(2) The short lifetime of 1O2 (< 0.04us in water environ-
ment) limits PDT-induced oxidative damaged to a ~10
nm radius, centered at its production point [73], requir-
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ing many such sites to reach efficacy. The efficacy of
PDT is also dependent on oxygen levels and oxygen
consumption rate. Therefore, strategies to relieve the
hypoxic tumor environment are highly likely to sub-
stantially improve PDT efficacy [109]. Approaches
include design of hemoglobin-encapsulated liposomes,
use of reactive oxygen supply materials to react with
acid and H,0, for in vivo production of O,, adminis-
tration of hypoxia-inducible factor inhibitors, and the
development of type I photosensitizers with reduced
oxygen consumption [110].

UV light has limited clinical application due to its bio-
logical phototoxicity and poor tissue penetration. NIR
and visible light are biologically friendly, yet the pen-
etration depth of Vis and NIR I remain limited to ~1
mm and ~10 mm [111, 112], respectively. The NIR-II
window offers deeper penetration depth (up to 3 cm)
in many tissues [13], motivating research in controlled
drug delivery paradigms in deeper tissues (liver, kid-
ney, lung) in rodent models. In addition, optical device-
(e.g., optical fibers and capsules) assisted drug deliv-
ery systems have been developed to circumvent some
light penetration-related limitations. For example, an
interstitial NIR light source, percutaneously inserted
beneath the tumor with a needle and catheter and using
a cylindrical diffusing optical fiber (0.98 mm diameter),
was used to treat human epidermoid tumor-bearing
mice [107, 113]. However, inserting interstitial light
sources into tissues or tumors can be technically chal-
lenging and usually requires invasive procedures. This
complexity increases the risk of procedural complica-
tions and limits the applicability of such approaches,
especially in cases where minimally-invasive treat-
ments are preferred. Thus, development of less-invasive
delivery systems with higher tissue penetration depths
is needed [12].

Most photo-controlled drug delivery systems are irre-
versible, which can restrict the ability to finely and pre-
cisely control the timing and dosage of drug release,
potentially leading to suboptimal therapeutic outcomes
or unwanted side effects [11]. Thus, developing revers-
ible, light-controlled drug delivery systems, including
by incorporating photoswitchable molecules such as
SPs and AZOs that use cytocompatible wavelengths
and power, is crucial to fine-tune photonic-related
therapeutic effects in vivo.

The US FDA has thus far approved over ten drug nano-
carriers for clinical use, including Doxil (Liposomal/
DOX), Abraxane (Nanoparticulate albumin/paclitaxel),
and ThermoDox (Temperature-sensitive DOX lipo-
some) [107]. However, photoactivated drug delivery
systems have not yet been approved for use in clinical
settings, and the process of gaining clinical approval

can be very time-consuming. For instance, pre-clinical
studies of AuroLase® therapy, employing PEGylated
gold nanoshells, commenced in the 1990s and remain
in ongoing multi-site clinical trials [104]. Moreover,
addressing long-term biosafety concerns and achiev-
ing scaled-up production of nanocarriers represent sig-
nificant technical challenges for clinical applications.
Furthermore, sufficiently extensive evaluation of the
byproducts generated from phototriggered cascade
reactions is still pending.

(6) Polymers are widely used in drug delivery systems
(DDS) due to their advantageous properties, includ-
ing ease of fabrication and design, diverse structural
options, good biocompatibility, and potential to select
for degradable options [114]. There currently exist a
number of FDA-approved polymer-based DDS avail-
able on the market, such as Neulasta and Copaxone.
Neulasta is a recombinant PEGylated human granu-
locyte colony-stimulating factor used for chemother-
apy-induced neutropenia in patients [115]. Copaxone,
a formulation of polypeptide co-polymers, has been
used for Multiple Sclerosis [116]. However, the range
of polymeric materials currently suitable for use as
DDS remains limited. Future developments in poly-
meric DDS will need to address challenges such as lim-
ited selectivity and restricted tissue penetration [117].
Additionally, alternative strategies such as combining
polymers with biologics or utilizing nanotechnology to
create hybrid systems may offer even more targeted and
efficient drug delivery solutions, improving the chances
of clinical efficacy in the future.

(7) While light irradiation can be performed specifically
at the disease site to avoid undesirable toxicity to
normal tissues, real-time tracking of the distribution
and amount of drug release in the living body, such
as through image-guided photoresponsive drug deliv-
ery and drug release monitoring, should be developed.
Such technology will be important to monitor the pro-
gress of treatment to ensure sufficient levels of drug are
reaching the disease site to achieve optimal therapeutic
efficacy.

In summary, there remains significant potential for
innovative research on light-responsive NPs for biomedi-
cal applications. This rapidly advancing field is poised to
generate breakthroughs for disease diagnosis and treatment,
primarily for superficial and endoscopically- or surgically
accessible applications in clinical medicine.
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