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Abstract

Light is a uniquely powerful tool for controlling molecular events in biology. No other external
input (e.g., heat, ultrasound, magnetic field) can be so tightly focused or so highly regulated as a
clinical laser. Drug delivery vehicles that can be photonically activated have been developed across
many platforms, from the simplest “caging” of therapeutics in a prodrug form, to more complex
micelles and circulating liposomes that improve drug uptake and efficacy, to large-scale hydrogel
platforms that can be used to protect and deliver macromolecular agents including full-length
proteins. In this Review, we discuss recent innovations in photosensitive drug delivery and
highlight future opportunities to engineer and exploit such light-responsive technologies in the
clinical setting.
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1. Introduction

Engineering photoresponsive behavior into drug delivery vehicles has progressed
remarkably since the first literature expounded on the benefits of light-based therapies. Early
treatments of lupus vulgaris exploited ultraviolet (UV) light, a therapy option that in 1903
won Niels Ryberg Finsen one of the first awarded Nobel Prizes in Medicine [1]. Since this
discovery, light has found consistent use in the delivery and activation of drugs in the body
[2]. Despite challenges associated with tissue opacity, light’s surprising tenacity over
decades of drug delivery advancements can be attributed to the uniquely enabling
spatiotemporal control that it affords (Figure 1a).

The first and primary challenge facing the clinical application of photoresponsive drug
delivery vehicles is the poor penetration depth of low-energy electromagnetic radiation.
While X-rays or radio waves may pass through the body relatively easily, visible, UV, and
infrared (IR) light experience variable and high levels of absorption/scattering by living
tissue. As such, the greatest depth of penetration is achieved by low-energy IR light, with
750 nm light penetrating ~5 mm below the skin’s surface (Figure 1b). Due to high amounts
of light scattering as well as high absorption of hemoglobin and melanin, higher-energy light
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fares much worse with 350 nm UV light penetrating less than a millimeter before complete
attenuation [3,4]. This increased attenuation of high-energy over low-energy light provides
for the optical window for /n vivo photoregulation, the range of most effectively penetrating
wavelengths in the visible-IR regions, generally accepted to be between 650 — 900 nm [5,6].

Another consideration when using light to trigger biological events is the energy flux
through tissue to the location desired. Though most organic and inorganic chromophores
have molar absorptivities (104-10° M~1 cm~1 at 500 nm) that exceed those of biological
chromophores such as human rhodopsin (~10* M~1 cm=1 at 500 nm), the comparatively
high concentration of the latter can necessitate fairly large light dosages to phototrigger
engineered material changes. Since quantum yields are often lower than desired for many
traditional photochemical reactions, the flux of light required may near the range of thermal
tissue damage, especially in the use of high-energy light. For more excellent commentary on
photothermal tissue damage, we direct the reader to this excellent review [1].

While challenges persist in its clinical application, light is unique among all other
endogenous and exogenous triggers in important respects: (1) Light as electromagnetic
radiation occurs in a wide range of efficacious and relatively safe energies — nominally UV,
visible, and IR light — that can be used to achieve molecular changes to activate and/or
release drugs in a fully cytocompatible manner [7]. These energies can be accessed
selectively using different wavelengths of light, allowing researchers to potentially trigger
multiple events separately and/or sequentially, compounding the efficacy of drug therapies.
(2) Light can be highly focused to yield localized response, permitting precise
spatiotemporal control over therapeutic release. Light-responsive drug constructs can be
dispersed throughout the body but activated only within the targeted tissue or organ using a
variety of readily available light sources (Box 1).

Owing to these intrinsic features, light has persisted as one of the most popular external
triggers for therapeutic application to date. In this regard, photomediated reactive oxygen
generation, small-molecule activation, micelle disruption, and material degradation has
dominated the literature for the past several decades [8—12]. Photodynamic therapy (PDT),
where small molecules are designed to generate reactive oxygen species (ROSs) upon
irradiation, is well represented in the literature [13,14]. The entry of several PDT drugs into
clinical trials and FDA approval [15] has led to innovations in light application devices in
the clinic, enabling light to be delivered to any region in the body with varying levels of
invasiveness [1]. “Caging” small molecules by blocking their activity until irradiation
liberates the bioactive molecule has prompted the elucidation of new neuronal circuits and
advancements in epigenetics [16,17].

Embedding light-responsive nanoparticles or highly conjugated organic molecules in
micelles and liposomes has rendered these popular nanostructures photosensitive, combining
their potential for solubilizing hydrophobic drugs with the possibility of targeting drug
delivery. Other advances using light to create and/or anisotropically modify biologic-
presenting materials has launched an entirely new field of spatiotemporally governing cell
fate, as scientists work towards the ultimate goal of growing organoids and tissues on the
benchtop. Biomaterials spanning several orders of magnitude in size have been used to
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protect sensitive protein cargo, in an age when fully folded proteins are poised as the next
generation of therapeutics.

This Review surveys common approaches within photomediated drug delivery, highlighting
recent reports and innovative applications using systems across a wide range of size scales
including small molecules, nanostructures, and hydrogels. Recurring chemical moieties that
render material photoresponsiveness will be discussed, including new ruthenium-based
small-molecule photosensitizers and innovations in the use of ortho-nitrobenzyl (oNB)
groups, inorganic nanoparticles, and conjugated organic porphyrins (Table 1). We offer our
near- and long-term vision of the field’s future, identifying technical innovations that will
need to be developed along the way so as to maximize utility and clinical translation.

2. Circulating Drug Carriers: Micelles, Liposomes, and Small-Molecule

Prodrugs

The primary motivation for the design of photoregulatable circulating drug carriers is the
minimization of off-targeting effects; ubiquitous delivery through the circulatory system but
local activation with light affords precise control over therapeutic function. This benefit is
particularly attractive in cancer treatment, where chemotherapeutics are cytotoxic by design
and likely to harm healthy tissue if misdelivered. In this regard, several photosensitizers for
PDT have reached the clinic, with photoactivatable biomolecules following closely behind.
Photocaged species have been used extensively /n vitro, where achieving light penetration is
less of an issue, and selectively in vivo, particularly in small animal models including
zebrafish embryos. Abundant literature is available on the use of large, photoresponsive
caging groups for neurotransmitters that have helped drive a revolution in neurobiology and
the study of neuronal signaling on the benchtop [17,35,36].

“Prodrugs” have also been widely explored for localized therapeutic regulation. Such small
molecules have little to no activity until they encounter a specific stimulus (e.g., light),
gaining activity through a conformational change or generation of other reactive species. Of
these, the generation of ROS is the most common mode of action and is particularly
effective when cell destruction is desired. Many metal-based chemotherapeutics utilize light
to yield a structural change, revealing species that can bind to DNA and trigger apoptosis
[37,38].

Other circulating, light-responsive designs include the incorporation of photoactivators in
micellar and liposomal structures leading to their triggerable disruption and associated cargo
release. These nanostructures are often useful at solubilizing hydrophobic drugs, taking
advantage of current photoresponsive technologies both organic and inorganic in nature, and
maintaining appreciable therapeutic levels in the body while avoiding rapid clearance by the
kidneys. Micelles and liposomes incorporating hydrophilic or hydrophobic photoactivators
to create or destroy structure upon light irradiation have been reported, some of which have
successfully utilized in mouse models [39,40]. These /n vivo studies demonstrate long
circulation times on the order of 2-4 hours and accumulation in the liver and kidneys, but
with little off-target activation or side effects.
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In this section, we will discuss past and present efforts in photoregulating circulating carrier
activity, highlighting unique examples and pointing the reader to other references as
appropriate (Figure 2).

2.1. Small-Molecule Prodrugs

Prodrugs, or caged small molecules, have brought innovation to several areas of drug
delivery, from targeted chemotherapeutics to directed gene expression. These small
molecules can be introduced to cells in culture by inclusion in the media, or by injection into
various animal models. Frequently these designs are not targeted to a specific cell type, but
see uptake in all cells, followed by spatially specific activation or uncaging. Here we will
discuss various molecular designs and their applications in recent literature, from caging
neurotransmitters to targeted gene expression profiles.

2.1.1. Photocaged Small Molecules for In Vitro Discovery—Controlled /n vitro
drug delivery or activation has led to an increased understanding of neuronal systems and
intercellular communication. Triggering a physical change in a small molecule to reveal an
active form with high spatiotemporal control is one of the most straightforward applications
of light-based technologies. For over 200 years, the study of ion channels and
neurophysiology has been facilitated by application of electrodes to cultured neuronal tissue
slices. With the advent of light-activated neurotransmitters and optogenetic proteins, light
has slowly taken over the field as the most predominant interrogator of these complex
networks of cells [41]. The Ellis-Davies research group was one of the early pioneers of this
field, using photocaged neurotransmitters (e.g., glutamine) for the detailed study of neuronal
ion channels and receptors [35].

In this field, two major classifications of photoactivated small molecules has emerged,
characterized by whether modulation occurs reversibly or irreversibly. Reversible
photoswitches based on azobenzene or coumarin-diene moieties can control membrane
potential [42] and the structure of peptides/proteins [18]. Since 1971, reversible molecular
switches have dramatically altered the study of molecular interactions inside and between
cells [43-46]. Recently, the Ellis-Davis group reported the use of the incredibly thermostable
tetrafluoroazobenzene (4FAB) for the modulation of voltage-gated ion channels in living
neurons [47]. By appending two quaternary amines onto a 4FAB structure, their molecular
structure was able to modulate ion channel flow in cultured brain tissue slices only when in
the light-activated c/s conformation. The same group has also reported the development of
other molecular photoswitches derived from coumarin [20].

Irreversible photoresponsive molecules have been primarily used to cage bioactive small
molecules, dramatically reducing their biological activity through attachment of a large
photoresponsive group (i.e., putting the bioactive molecule in a “cage”). As interest in the
photocages originated in the field of neuroscience, -y-aminobutyric acid (GABA) and
glutamate were among the first molecules to be caged. As the predominant chemical
messengers in the brain and eliciting opposite responses, GABA and glutamate remain the
most popular photocaged neurotransmitters in modern-day literature. Glutamate is an
excitatory neurotransmitter that activates a large family of glutamate receptors, while GABA
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is an inhibitory neurotransmitter that binds ligand-gated chloride channels and G-protein-
coupled receptors [48]. GABA has been caged by a variety of light-sensitive species, each
with their own advantages and disadvantages; oNB- [49,50], (methoxy-)nitroindolino-
[51,52], 7-diethylaminocoumarin- [53], and ruthenium- [54] based photocages have each
been reported. Glutamate has also been caged with many of the same photosensitive groups
[55-57].

Photocaging neurotransmitters and other small molecules is not always an easy task. Caging
methodologies are well reported for several functional moieties (e.g., amines, alcohols) but
not all, and may prove challenging when many such groups are present on a single species.
Additionally, in some cases, bulky caging groups must be employed to eliminate activity in
the dark state. In one example, the Ellis-Davies group used a large dendrimer to fully cloak
GABA'’s activity before irradiation [58]. This technique may prove to be necessary in more
systems than currently described, as researchers further advance their work with caged
neurotransmitters and other small molecules. In many cases, these model compounds have
not made it beyond initial /7 vitro studies on cells cultured on the benchtop; stability and
dark activity in an /n vivo setting have yet to be determined for many of these constructs.

In vitro discovery extends beyond caged neurotransmitters to other techniques for
monitoring RNA levels and the transcriptome in living tissue samples. Lovatt et al.
demonstrated the use of a sterically caged Transcriptome In Vivo Analysis tag composed of
a poly-U RNA oligomer for hybridizing messenger RNA (mRNA) poly-A tails, two oNB
photocleavable linkers, two fluorophores to track location and uncaging, and a biotin tag for
pulldown [59]. Upon irradiation with single-photon UV or multiphoton red light, the
crosslinkers are cleaved and blocking strands melt off the construct to reveal the poly-U
binding tag. The tagged mRNA is isolated from irradiated cells (e.g., neurons in cultured
brain slices) and analyzed for gene expression. This probe has been iteratively improved
upon, and currently studies are underway using it in more complex /n vivo environments
[60].

2.1.2. Caged Prodrugs for Targeted Delivery—With innovations in light sources
and in photoresponsive molecular design, an increasing number of small molecules have
been caged for on-demand activation /in vivo. Interestingly, many prodrugs designed for use
in vivo have more than one target or purpose. Here, we see the advent of dual-action agents
where both the caging group and the caged molecule have biological activity, as well as the
expansion of a new field of drug delivery — theranostics — where the same small molecule
can both diagnose and treat disease.

2.1.2.1. Transition-Metal Complexes as Photocages and Dual-Action

Prodrugs: Ruthenium complexes have been recently developed as versatile cages for many
different types of biologically active molecules. While early work in the design of ruthenium
coordination complexes focused on caging primary amines [54,61,62], their utilization and
scope rapidly expanded to include control of more complex biomolecules. Ruthenium
polypyridyl complexes have been employed to cage a broad spectrum of biomolecules
including nicotine [63], thioethers [64], and enzyme inhibitors [65,66]. Small-molecule
ruthenium complexation has permitted caging of previously uncageable moieties,
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particularly nitrile and pyridine-based groups [66]. While not as common in
neurotransmitters, nitrile and pyridine moieties are common in inhibitors for
metalloenzymes, as they are excellent metal-binding motifs that bind reversibly to iron and
copper-based active sites. Using a metal-based photocaging group to bind the active pyridine
or nitrile moiety has been shown to successfully knock down or fully eliminate background
activity of these enzyme inhibitors [66]. Inhibitors targeting cathepsins and cytochrome
P450 have been successfully caged following a relatively simple synthetic pathway and
photoreleased in vitro [65].

Ruthenium complexes as a class of biologically active drug targets are not new to the scene
of targeted drug delivery. The more common application of these inorganic complexes is
triggered cell apoptosis via irreversible DNA binding and generation of ROS [67,68]. As
such, ruthenium photocages can also be designed as a dual-action drug, where all
photoproducts are bioactive [69]. This dual therapy is purported to have high efficacy against
drug resistant cancers and complex tumor environments. Dual-action Ru(Il) complexes have
been published from several groups, with a focus on the release of enzyme-binding
molecules as well as light-mediated DNA damage and cell death. Upon release of the
bioactive molecule inside the cell, the Ru(ll) core is free to migrate to the nucleus and bind
DNA, a process which leads to some toxicity in the dark, and is compounded upon light
irradiation and generation of ROS. Delivery of chemotherapy agent 5-cyanouracil via Ru
polypyridyl complex as a dual-action design has successfully degraded DNA and slowed
HeLa cell growth [64,67]. The Glazer group has studied the combination of cytochrome
P450 inhibition with Ru(l1)-mediated 10, production /n vitro [31]. Arora et al. demonstrated
this technique in 2D and 3D cell culture, targeting surface cathepsin B with a photoreleased
inhibitor, then tracking uptake of the Ru(ll) metal center into the cell, leading to
photomediated cell death [70]. While examples of Ru-biomolecule dual-action therapies
abound [71-73], none have progressed to /in vivotrials. While these reports suggest these
complexes are stable in cell culture medium and serum, effective tumor targeting has not
been reported for these small molecules, whether administered intraperitoneally or
intravenously.

Conversely, simpler prodrugs may rely on a conformational or molecular change to reveal a
reactive moiety or drug once inside the cell. These prodrugs are common in the literature,
ranging from activating common inorganic cisplatin-like derivatives to revealing a chelating
ligand. Significant work has been done in the Sadler group to generate stable Pt(1V)-based
prodrugs that are reduced to bioactive Pt(l) upon irradiation, and/or exchange stabilizing
ligands for water, activating the Pt-based drug in a similar way to cisplatin. These complexes
can be designed to generate ROS in response to low-power red light [74] and to bind DNA
[75]. Other reviews on this extensive area of research have been written in recent years [76—
78].

2.1.2.2. Small-Molecule L ight-Activated Theranostic Approaches: Several
photoactivatable small molecules have been reported that can serve both diagnostic and
therapeutic roles in the treatment of disease. These “theranostic” species often take
advantage of elements at the center of the periodic table for either the imaging moiety or the
phototoxic prodrug. In one example, Chaudhuri et al. recently reported the phototriggered
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release of a copper-binding ligand that, when chelated with endogenous copper, effectively
turns on Cu’s apoptotic properties [79]. Coupling targeted release of this chelator with the
sequestration of Cu in cancer cells of the breast, prostate, large intestine, lungs, and brain
could lead to an effective method of shutting down cancer cell migration and initializing
apoptosis [80]. In another theranostic approach, Li et al. linked a europium-based
fluorophore and a ruthenium DNA-binding prodrug to image and trigger release of the Ru
DNA-binding phototoxic core [81]. Imaging with low- (700 nm) and activating with higher-
energy light (488 nm) permitted selectivity in this approach, with efficacy demonstrated /n
vivo in a mouse tumor model. Biswas et al. leveraged coumarin’s native fluorescence to
synthesize a coumarin-doxorubicin (DOX) chemotherapeutic prodrug. Based on progressive
structural changes of the coumarin fluorophore in response to light and local nitric oxide
concentrations, the design facilitated imaging cellular uptake, detecting elevated levels of
nitric oxide, and subsequent release DOX upon irradiation [82].

2.1.2.3. Photoregulating Gene Expression: As therapeutic targets move progressively
towards large complex biomolecules (e.g., full proteins, oligonucleotides), efforts to control
efficacy of these therapeutics with light have increased. Specifically, directing gene function
with light has proved useful in spatiotemporally regulating gene expression [83]. Temporary
gene knockdown /n vivo is often achieved through the use of single-stranded antisense
oligonucleotides (ASOs) or double-stranded short interfering RNA (siRNA). ASOs may be
modified at their backbone to be more stable to deoxyribonucleases present in serum and
prolong their half-life; common modifications include exchanging the phosphodiester
linkage for a morpholine-based linker or thiolating the backbone. ASOs bind to mRNA, and
can be designed to block any humber of translational steps as transcribed RNA is spliced and
read by the ribosome [84].

Caging ASOs can be achieved through stochastic decoration of individual nucleotide bases
with photocaging groups [85,86] or by enforcing a secondary structure which blocks
hybridization. The latter approach involves only one photocaging group, compared to
multiple cages required for the first design, and can give extended serum stability due to the
secondary structure of the oligonucleotide. Both morpholine-modified (“morpholinos™) and
unmodified ASOs have been used /n vivoand ex vivo. The Chen group has long pioneered
this method, even using multiple crosslinkers to circularize two different morpholino ASOs.
In their recent report, the group multiplexed oNB and coumarin photocrosslinkers
(photoresponsive molecules used to crosslink two parts of a molecule together) to give
selective gene silencing with two wavelengths of light [22,24]. The Dmochowski group has
also recently published examples improving upon this design, using a ruthenium-based
photocleavable crosslinker for /in vivo gene knockdown [87] and incorporating a non-coding
stem to further decrease activity in the dark [88].

SiRNA is more popular than single-stranded ASOs, primarily for its extended stability and
ease of synthesis [89,90]. Caging or deactivating sSiRNA often relies on sterically blocking
the binding of the RNA-Induced silencing complex (RISC) to the siRNA [91], either through
including azobenzenes to change the structure of the antisense strand [92], incorporating
photocaging molecules on individual bases [93,94], or modifying the 5’ terminal phosphate
[95]. Interestingly, serum and cellular proteins can also be harnessed to cage siRNA, as
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shown in recent work by Ji et al, who used a vitamin E modification at the 5’ terminus of the
sense strand coupled with an oNB group to give photoactivity. They found that extensive
recruitment of vitamin E-binding proteins helped block extraneous activity. These recruited
proteins and bulky lipid factors were released upon irradiation with UV light, restoring
activity and successfully knocking down two genes of interest [96].

2.2. Nanoparticle Delivery Vehicles: Micelles, Liposomes, and Nanoparticles

Nanoparticle drug delivery systems, including those based on covalent polymer networks
and micellar structures, have revolutionized the drug delivery industry. These platforms have
led to dramatic improvements in improved and targeted delivery of poorly water soluble
drugs, transcytosis across cellular membranes and tight endothelial layers, and theranostics,
wherein drug delivery and efficacy can be observed in real time [97,98]. The ability to
trigger cargo delivery from these systems using light further establishes their utility in
targeted drug delivery.

Micelles and liposomes are common drug carriers: their readily accessible syntheses and
surface modification provides flexible handles for targeting their cellular uptake, and the
combination of hydrophaobic and hydrophilic regions enable efficient loading of chemically
distinct drugs. Polymer-based micelles have already entered into clinical trials as delivery
vehicles for hydrophobic chemotherapeutics including paclitaxel (PTX), DOX, and others
[99]. Incorporating light responsiveness into nanostructures is an effective way to increase
targeting to tumors, and is compatible with other targeting methods [e.qg., surface
functionalization, modulating size/geometry, protecting circulating drugs by PEG-ylation
with poly(ethylene glycol)] [100]. Both organic photosensitizers and inorganic small
molecule and nanoparticle photosensitizers have been incorporated to endow
photoresponsiveness into polymeric nanostructures [101].

2.2.1. Disrupting Nanostructures with Organic Photosensitizers—Organic
photosensitizers take many forms and can interact with light in several ways. To build this
functionality into a liposome or micelle, photosensitizers have been leveraged to break
bonds and disrupt the hydrophobic/hydrophilic nature of the polymers (in the case of
micelles) or disrupt intermolecular interactions between hydrophobic polymers (for
liposomes). In one interesting example, Poelma et al. developed a donor-acceptor Stenhouse
adduct that switched from hydrophobic to hydrophilic upon green light irradiation (530 —
570 nm). In its hydrophobic form, the photosensitizer induced micelle formation around
PTX. When the photosensitizer was converted to a hydrophilic molecule through irradiation,
the micelle was rendered unstable and the PTX was released [102].

Linking hydrophilic and hydrophobic polymers with a cleavable linker has also shown
promise in disrupting micellar structures to release drug cargo. oNB-based photocleavable
crosslinkers have been used in micelle formulations to break the junction point between
hydrophobic and hydrophilic polymers [25]. In their material design, Pei et al. formed
polymer-based micelles around ROS-generating chlorin e6 (Ce6), attaching doxorubicin to
the polymer via an ROS-sensitive thioketal bond [103]. As Ce6 is sensitive to red light (660
nm), localized DOX release was demonstrated in tumors in a mouse model. Incorporating
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ROS-sensitive bonds between hydrophobic and hydrophilic polymers in micelle structures
has also been demonstrated /7 vivo. In their design, Uthaman et al. synthesized a
poly(ethylene glycol)-stearamine(C18) amphiphilic construct linked with a thioketal linker
and loaded the resultant micelles with DOX and a photosensitizer pheophorbide A [104].
Upon accumulation in tumors, red light (670 nm) was used to generate ROSs and break the
micelle structure, releasing the DOX and killing tumor cells. Positive results for mouse
studies demonstrated the clinical relevance of this technique, while also laying the
groundwork for other light-activated nanoparticulate systems usage /n vivo.

Photodisrupting liposome structure follows a slightly different methodology, with fewer
examples of cleaving covalent bonds and more examples with larger, conjugated porphyrin
molecules that yields membrane destabilization upon irradiation. This can lead to better drug
release from endosomes following endocytosis by prompting fusion of the liposome with the
endosome membrane, as well as direct liposome structural breakdown. In one example, a
malachite green porphyrin was attached to the outside cell membrane of a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine liposome, which upon UV irradiation dramatically
improved DOX delivery to the cytosol and nucleus [105]. Similarly, a polymer-based system
carrying Zn2* and Ca2* ions was disrupted by the incorporation of a fused porphinato-Zn
construct in the hydrophobic region that upon blue light irradiation (488 nm) underwent a
conformational change. This hydrophobic bilayer disruption successfully released a variety
of cargos, including large fluorescent conjugates [106] and cations (e.g., Zn2*, Ca2*) in vitro
and /n vivo [107].

Combining different modes of action helps increase the specificity of targeting these
nanostructures to a more localized region. One such design takes advantage of hypoxic
environments in tumors and a light-absorbing conjugated polymer to act as a multifunctional
polymersome construct. The incorporated 2-nitroimidazole group generates ROS under
green light irradiation, followed by a change in polarity triggered by elevated ROS
concentrations and hypoxic conditions. With the loss of hydrophobicity upon irradiation, the
polymersome is disrupted, releasing DOX to the intercellular environment [108]. A
theranostic liposome has also been developed by Liu et al., combining a gadolinium
magnetic resonance imaging (MRI) sensitizer with a liposome structure linked by oNB
groups to both image localization and release DOX once localized and identified [109]. The
utility of this construct was also demonstrated /7 vivo in a targeted mouse study, establishing
the viability of this MRI-guided light-mediated therapy in a unique combination of
electromagnetic interactions in the body.

2.2.2. Disrupting Nanostructures with Inorganic Photosensitizers—The use of
inorganic nanoparticles as photosensitizers is extensively reported in the literature. Gold
nanoparticles, nanoshells, and nanorods have been used for decades as photothermal
sensitizers that generate local heating upon irradiation with red and near-IR (NIR) light.
Such localized heating has been leveraged to target cancerous tumors and local tissue in
several applications separate from drug delivery. Combining gold-based nanomaterials with
thermosensitive polymers is one widely reported method to trigger on-demand drug release
from micelles or liposomes, often by eliciting a phase transition within the lipid mono- or bi-
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layer [110,111]. As this field is extensive and beyond the scope of this article, the reader is
directed to other excellent reviews on the subject [112-114].

Upconverting nanoparticles (UCNPs) have also seen wide use for drug delivery. When
coupled with existing photosensitizing technologies, UCNPs have the potential to extend
light-mediated drug delivery deeper into tissue. Researchers are working to use UCNPs to
improve drug delivery in the brain [115] and to drug-resistant tumors [116], in addition to
many other targets [117]. Taking advantage of their NIR fluorescence to image localization
as well as deliver drug cargo, UCNPs have been utilized as theranostic agents /n vitro
[118,119]. The sensitivity of UCNPs to IR light opens the possibility to achieve drug
delivery /n vivo due to the light’s enhanced tissue penetration. UCNPs have been thoroughly
studied and reviewed elsewhere; for a more detailed discussion on their uses /7 vivo and
other effective designs, we recommend the reader to several excellent reviews on this topic
[117,120,121].

The use of photoactive inorganic coordination compounds as integral parts of micelle drug
delivery systems has increased as well, as more transition metal-based therapeutics enter
clinical trials. One design incorporates the cisplatin precursor Pt(IV)(NH3)2(N3), into the
hydrophobic polymer, which upon irradiation with sub-500 nm light ruptured the polymer to
release bioactive Pt(11) [122]. The efficacy of their material design was also demonstrated /n
vivo in a mouse tumor model. In a similar vein, Sun et al. published the design of a
ruthenium-core micelle, taking advantage of the charged Ru(ll) prodrug species to form a
micelle structure and deliver the small molecule intracellularly [123]. The Ru(H,0), species
is released from the polymer upon visible light irradiation (530 nm) and is freed to bind
DNA and generate ROS [124].

While inorganic photosensitizers may be instrumental in increasing sensitivity to longer
wavelengths of light, concerns over their toxicity, especially for lanthanide-doped UCNPs,
continue to persist. However, several biomaterial designs using UCNPs have demonstrated
efficacy in mouse models with limited background toxicity, suggesting they may present a
viable path forward.

3. Drug-loaded Depots: Soft Biomaterials as Drug Delivery Platforms

Circulating drug delivery vehicles have driven significant innovation in improving drug
solubility, circulation time, and targeting. In certain instances, however, a large, non-
circulating depot containing a therapeutic is preferable to oral or intravenous drug
administration [125,126]. In the brain, for example, using a drug-loaded polymer material
that is surgically implanted can dramatically increase and prolong drug delivery by side-
stepping the blood-brain barrier. Larger therapeutics including full-length proteins can more
easily be administered to local tissue via an injectable or surgically implanted drug depot, as
the material design can protect sensitive cargo. A stationary, implanted drug depot also
opens the possibility of more complex release profiles and designs that incorporate live cells
for real-time responsiveness to biological cues, such as protected implants of islet cells for
sensing blood glucose levels.
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For the protection of complex therapeutics and encapsulation of live cells, hydrogels have
come to the forefront of these drug depot designs. Hydrogels are made up of 90-99% water,
with a 3D structure maintained by a hydrophilic polymer network. These biomaterials can
be designed using any number of polymers, with a variety of mesh sizes for controlled cargo
release, and a wide range of crosslinking density and stiffness to improve the body’s
response to their implantation.

Hydrogel biomaterials can be modified for light-triggered drug delivery in several ways
(Figure 3). Directly tethering drug cargo (large or small) to the hydrogel matrix with a
photocleavable crosslinker has effectively sequestered and then released drug cargo in
several designs. A hydrogel may also be modified in their polymer backbone with a
photocleavable crosslinker for degradation of the structure of the material and subsequent
release of cargo by opening broad pores in the material. Hydrogels may be rendered fully
degradable by irradiation via this method, an outcome that may be desired to eliminate the
need to retrieve the depot after all the drug has been released.

In this section, we will discuss recent examples demonstrating drug release from macroscale
hydrogels, as well as several examples exploiting photoresponsive hydrogels to probe and
direct cell fate on the benchtop.

3.1. Phototriggered Drug Release from Hydrogels

Hydrogel depots are most commonly reported as protective drug delivery vehicles for large,
complex therapeutics, with the appropriately sized and comparatively inexpensive globular
protein bovine serum albumin (BSA) frequently serving as a model drug. Delivering large
peptides and full-length proteins while maintaining native bioactivity remains a challenge in
targeted drug delivery. In addition to the challenges associated with working with inherently
fragile species, therapeutic proteins must be protected from the harsh conditions of the
stomach and blood; direct delivery to local tissue is often desired.

3.1.1. Photodegradable Hydrogels for Drug Delivery—In some cases, complete
degradation of the hydrogel depot represents a desirable trait. In this case, a photodegradable
material may be designed to release cargo by breaking up the polymer matrix, opening pore
sizes to allow for uninhibited diffusion of proteins from the material. Generally, attaching
photoresponsive moieties to a polymer backbone as part of the crosslinking network forming
the hydrogel can render a hydrogel photodegradable. For example, modifying hyaluronic
acid (HA) polymers with azobenzene or beta-cyclodextrin (BCD) leads to the formation of
photoresponsive crosslinks between polymers: when the azobenzene is in the fransisomeric
form it can form a hydrophobic “host-guest” interaction with BCD, forming strong
crosslinks. Upon irradiation, the azobenzene shifts to the ¢isisomer and can no longer
interact with BCD, breaking the crosslinks and opening pores in the hydrogel. This
interaction is reversible, yielding a material that can give varying doses of cargo upon
subsequent doses of light. Azobenzene-pCD chemistry has been employed in several
formulations. Rosales et al. demonstrated an HA-based hydrogel for the on-demand release
of BSA with UV light [19]. Subsequent irradiation with visible (405 nm) light returned a
fully crosslinked hydrogel, demonstrating controlled dosing of large protein cargo. Similarly,
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Wang et al. synthesized a poly(acrylic acid)-based hydrogel modified with CD and
methoxy-substituted azobenzene for a red-shifted response [127]. Their BSA-loaded
hydrogel responded to red light, releasing the protein cargo in bolus or in dose-dependent
manners.

Photodegradable hydrogels containing odNB moieties within their polymeric backbone have
also been used to release siRNA. In multiple reports using similar material designs, the
SiRNA is trapped within the hydrogel until UV irradiation; upon photorelease, the active
siRNA is able to knock down expression of model proteins (e.g., green fluorescent protein,
luciferase) in cultured HeLa cells [26] and to direct osteogenesis of human mesenchymal
stem cells [27].

Inorganic nanoparticles have also been incorporated into degradable hydrogel matrices for
on-demand drug delivery. These material approaches again fall into two use categories:
taking advantage of thermal responsivity in the hydrogel or coupling common
photocleavable crosslinkers with upconverting nanoparticles. Platinum nanoparticles were
incorporated into a supramolecular hydrogel with thermally responsive interactions between
PEG sidechains and a-cyclodextrin to render a NIR-responsive hydrogel [128]. This
hydrogel design was injectable (due to the supramolecular interactions) and “melted” in
response to NIR irradiation, delivering various small-molecule fluorophores both /n vitro
and in a proof-of-concept /n vivotrial injecting the hydrogel into a tumor.

3.1.2. Photocleavable Linkers to Release Tethered Cargo—In cases where
complete degradation of the hydrogel material is not desired, cargos can be tethered directly
to a stable material through a photocleavable linker. In these instances, covalent attachment
of the cargo to the hydrogel material can preserve its activity while minimizing untriggered
release. Methods to covalently attach molecules have drawbacks, most frequently in terms of
activity loss accompanying chemically unspecified tethering, though recent innovations and
alternative modes of site-specifically tethering proteins to hydrogels have worked to
overcome these disadvantages [129,130].

Taking advantage of reactive handles available as part of a protein’s native amino acid side
chains is a popular method for covalent crosslinking protein cargo to hydrogels. Primary
amines and carboxylic acid groups on various amino acids (e.g., lysine, glutamic acid,
aspartic acid) are reactive through a variety of chemistries and are often solvent-accessible.
In some cases, these residues can be covalently linked to the hydrogel matrix without
significant loss to protein function, demonstrated by Grim et al. using transferrin and
transforming growth factor beta-1 (TGF-B1) [131]. The authors used an allyl sulfide that
could undergo reversible fragmentation chain-transfer with surface thiol installed by A~
hydroxysuccinimide (NHS) chemistries of several protein constructs (e.g., transferrin,
ovalbumin, TGF-B1) to pattern in and out of a PEG-based hydrogel. Tethered TGF-p1
stimulated downstream signaling, indicating that the patterned protein retained some
biological activity. Rapp et al. used a ruthenium-based photocleavable crosslinker to
simultaneously crosslink an HA-based hydrogel as well as to tether model enzyme beta-
lactamase (bLA) to the matrix [33]. Their Ru-based crosslinker was modified with aldehydes
to serve as a crosslinker for hydrazine-modified HA, as well as linking protein cargo (in this
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case beta-lactamase) via surface lysine residues to the hydrogel matrix, though they
observed significant loss of bLA activity upon release. Additionally, work by Sridhar et al.
has shown that immobilizing proteins in hydrogels can help preserve enzyme activity even
under thermal stress, maintaining activity of otherwise temperature-sensitive proteins for
weeks at 60 °C [132].

While there are some examples in which random attachment of a protein to a hydrogel
results in minimal disturbance of activity, the vast majority of these approaches have a
severely detrimental effect on protein activity. Using NHS chemistry to stochastically attach
reactive groups (such as azides or alkynes for subsequent click reactions) onto the surface of
a protein can completely eliminate enzyme activity. This is suggested to be a result of over-
modification of a protein to ensure that the reactive group has been successfully installed. To
eliminate this challenge, several recent reports have used recombinant protein techniques to
site-specifically modify proteins with a chemical or protein handle that can be used to attach
a protein of interest (POI) to a hydrogel. In one such example, Shadish et al. used a
chemoenzymatic transamidation-based strategy, expressing POls with the recognition
sequence of a sortase enzyme at the C terminus [29]. When POls are incubated with sortase
and a peptide containing an N-terminal triglycine, the peptide is enzymatically attached to
the recognition sequence at the C terminus of the protein. Using this approach, the authors
successfully modified bLA, epidermal growth factor (EGF), and several fluorescent proteins
with azides, aldehydes, and odNB-based photocleavable crosslinkers. The site-specific
modification yielded proteins with native bioactivity, and photoreleasable growth factors
were used to control signaling with subcellular resolution. Following up on this work,
Shadish et al. tethered proteins to hydrogel through a photocleavable protein and
demonstrated their spatiotemporal release using 405 nm light [133].

Site-specific modification of proteins for incorporation into hydrogels is becoming the
preferred method of attaching protein cargo to a hydrogel depot. In another example of a
reversible protein-hydrogel interaction, Hammer et al. generated a recombinant protein
construct taking advantage of the phototriggered, reversible protein conformational change
in light-oxygen-voltage-sensing domain 2 (LOV2) and the strong binding affinity of Zdark
to its dark-state conformation [134]. POIs were genetically fused to the Zdark domain,
demonstrating repeated loading and photorelease of model fluorescent proteins from a
hydrogel modified with LOV?2.

Combining photodegradable crosslinkers with linkers that cleave under other internal
triggers such as local enzyme population or a reducing environment can improve targeting of
such therapeutics to a highly localized area [134]. Targeting specific tumor or organ
microenvironments may only be possible by rendering pro-drug formulations accessible
only via multiple inputs. For example, while tumors usually have a lower pH than healthy
tissue, so does the stomach and certain organelles within cells. To avoid drug uptake and off-
target effects in these areas, an ideal material drug delivery platform may require input from
a combination of external and internal triggers. In 2018, Badeau et al. introduced a
generalizable strategy to program hydrogel degradation in response to well-defined
combinations of external inputs (including light) following Boolean YES/OR/AND logic
[30]. Since this initial report, the DeForest group has extended these concepts in using
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topologically defined molecular crosslinks to control release of small molecules [135] and
full-length proteins [136] from stable gels.

Directing Cell Growth In Vitro with Light

Not only do hydrogels show promise in the safe sequestration and delivery of sensitive drug
cargo, they can be designed as platforms for encapsulating cells, differentiation of stem
cells, and cell-mediated therapeutic response. Many types of hydrogels have been used for
3D cell culture, optimizing cell growth conditions on the benchtop, and as supportive
scaffolds for the implantation of healthy cells into the body. These cell therapies rely on the
protective hydrogel material to sustain a healthy cell population while also providing access
to physiological cues from the body when implanted. In many cases, researchers direct
patient-derived stem cell growth on the benchtop to form organs or organoids for future
implantation. This benchtop control of cell fate and structure has driven many advancements
in the use of light-responsive cues, either of signaling proteins attached to the matrix via a
photocleavable linker, or in the modulation of material stiffness to drive cell fate; in these
many case, photochemistry is used exploited to deliver cues to encapsulated cells to alter
function.

Hydrogels for the study of cellular development on the benchtop have used light
successfully in many applications to direct cell growth, stem cell differentiation, and cellular
release for further study and classification. Hydrogel matrix stiffness can be changed under
irradiation, directing cell growth towards softer regions. These photomodulated hydrogels
have enabled significant additions to our knowledge of organ growth [137], and especially
towards the growth of living tissues on the benchtop for improved drug efficacy outcomes
[138]. Recent reviews on the subject can be found in the literature [138].

After the initial work by the Anseth lab in directing cell growth by both hydrogel softening
and patterning adherent peptides [139], this method of directing cell growth, migration, and
identity has spread to many other applications. Attempts to eliminate challenges presented
by slow diffusion rates through hydrogels has led to innovations in immobilizing caged
peptides or signals in a hydrogel that can be activated instantly upon irradiation. In one such
example, Farrukh et al. demonstrated the power of caging a lysine residue on a laminin
adhesive peptide which enabled them to direct neuron growth through a hydrogel [140,141].
The del Campo group has shown the broad flexibility of photocaged peptide modifications
in hydrogels, successfully directing cell growth through an oNB-caged alpha5betal integrin-
binding peptide [142]. Caging cyclic RGD peptides similarly directed cell growth into
fibers, and continues to be an active area of research [23]. Caged RGD peptides have proved
very interesting in the study of immune response to implanted biomaterials, when a hydrogel
bearing islet cells was decorated with caged RGD and implanted. Activating the RGD
peptide on the surface of the hydrogel after a timepoint of 24 hours led to an improved
immune response and prolonging the lifetime of transplanted islet cells [143].

3.3. Light-responsive Living Hydrogels

“Living” hydrogels with embedded cells highlight the potential for continuous delivery of
bioactive compounds while minimizing design complexity. This method of drug delivery
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also falls under cell therapy — using patient-derived or otherwise sourced cells to
manufacture and release protein therapeutics. When looking to engineer these living
biomaterials with a photoresponse, the del Campo lab has leveraged photoinduced protein
expression and secretion of proteins from Escherichia coli on and within gels. In their first
such demonstration of these living hydrogels, the del Campo lab exploited a
photoactivatable isopropyl p-d-1-thiogalactopyranoside (PA-IPTG) applied externally to
trigger protein expression in £. coliimmobilized on the surface of a hydrogel [144].
ClearColi® BL21(DE3) bacteria genetically modified to produce a lipopolysaccharides that
do not trigger endotoxic response in human cells were immobilized to the gel surface using
electrostatic interactions between the negative cell membrane and positive Poly-D-Lysine
(PDL) polymer. Upon treatment of the system with PA-IPTG and light, surface adhesion
protein RGD was expressed, leading to mammalian cell adhesion and growth.

del Campos’ unique approach was expanded up in a subsequent report using embedded
ClearColi® in a hydrogel to deliver deoxyviolacein (dVio), a tryptophan derivative with
antifungal, antibacterial, and antitumor properties [145]. In this case, optogenetic control of
enzyme expression was incorporated using vioABCE as an upstream phototrigger of
expression, eliminating the need for exogenous PA-IPTG. Sustained, pulsatile, and spatially
resolved expression and release of dVio was achieved in this system, demonstrating the
power of this technique. Future studies should include /n vivo studies confirming
biocompatibility of these hydrogels.

4. Perspectives

Light will always retain its place as one of the most ubiquitous external triggers in biology
and drug delivery. The excellent and precise control it offers clinicians and researchers is
unparalleled, and the broad range of photosensitizers makes the engineering of light-
responsive technologies accessible to labs possessing different skillsets. Recent literature
suggests that innovations in modern methods and molecular design will soon be able to
address most if not all concerns in the field. Light affords focusability and opportunities for
multiplexed delivery and response extending well beyond that achieved using other triggers.

Because of this incredible flexibility and focusability, researchers continue to work towards
the development of ideal photoresponsive small molecules, nanoparticles, and hydrogels:
response to low energy light, minimal dark activity, and demonstration of improved efficacy
in vivo. Many new reports in the literature outline a pathway to low-energy light responsive
biomaterials and photoactivatable prodrugs, some demonstrated /n vivo using small animal
models. Despite these encouraging results, additional characterization is required to
elucidating the true stability and dark activity of many of these constructs prior to clinical
translation.

With the advent of advanced photosensitizers that respond to lower energy light, it is
increasingly possible to photochemically trigger multiple events orthogonally within a single
material design. As a critical step towards capturing and capitalizing on biology’s
complexity, the capability to trigger two or more activating events with one biomaterial or
drug cocktail represents a powerful innovation. There are several potential application
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spaces for such multiplexed biomaterials, including sequential release of proteins to direct
an immune response [146] and supporting the regeneration of blood vessels by sequential
release of growth factors [147]. Bringing thermally stable low energy-responsive
photosensitizers into biomaterials and prodrug designs is currently inhibited by synthetic
challenges, through researchers are actively exploring several promising avenues researchers
to bring this technology forward.

The last great hurdle for many of these innovative designs is the journey from 2D cell
culture into animal models. Some of the technologies mentioned here have been
demonstrated with varying levels of success in mouse models, suggesting their efficacy in
complex tissues as well as their response to light through skin, muscle, and fat. To continue
bolstering this field of photomediated drug delivery, the most successful approaches that will
be developed in coming years must demonstrate design efficacy /n vivo.

Photomediated approaches continues to dominate the drug delivery literature, with exciting
new molecular and material designs reported each year. With demonstrated application in
probing fundamental biological understanding to near-instantaneously triggering therapeutic
release from biomaterials, possibilities for /in vitro applications are endless and ever
expanding. With the concerted push to utilize higher wavelengths of light, photocontrolled
drug delivery will soon flourish /n vivo, bringing materials into the clinic and broadening the
horizons of scientific discovery.
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Box 1.
Light sources for laboratory light delivery

There are several options for expanding in-house
access to light sources at a wide variety of
wavelengths. The most readily available are listed
below with their wavelength ranges.

Mercury
Arc
lamps

250-
600 nm

Broad-spectra mercury-arc lamps are available from several suppliers (e.g.,
Excelitas) whose output can be refined to desired wavelengths with bandpass
filters (typically to capture major outputs at 254, 365, 405, 436, 546, and/or
579 nm). These light sources are comparatively inexpensive and high
powered.

LEDs

250-
700 nm

A wide variety of wavelengths and intensities are available from several
manufacturers. ThorLabs offers multiwavelength arrays of LEDs for use in
microscopy that can be easily adapted for light delivery on the benchtop. One
can also purchase individual LEDs from companies (e.g., LED Engin) for
user control over wavelength and power. While LEDs offer changeable
intensity, their emission can be broad, with the full-width half maximum
(FWHM) value extending +10-20 nm beyond the reported wavelength.

Lasers

250—
900 nm

Laser pointers may be repurposed for laboratory research, and are often
desirable for their highly focused beam and narrow bandwidth; lasers are
often centered within £1 nm of the reported wavelength. Zbolt offers a
selection of high powered, constant-on laser pointers that are useful for
benchtop experiments and the irradiation of a small area. Though highly
focused, laser pointers cannot change intensity, so experiments testing
variable light intensities are impossible.
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Figure 1.
A. methods for incorporation of photoresponse in drug delivery. Small-molecule prodrugs

(red), nanostructures (blue), and hydrogel biomaterials (green) have all been modified with
photoactivators to deliver drug cargo. B. Differently colored light affords different
penetration into skin. Image depicts the maximum depth into human skin that >1% of
incident photons will reach as a function of wavelength.
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Figure 2.
Light-responsive small molecules have distinct benefits in terms of ease of dosing, wide

circulation, as well as spatiotemporally targeted activation. Light-activated designs rely on
the circulatory system for delivery into local tissue, where the active form is revealed
through targeted irradiation. Common strategies exploit prodrugs, dual-action drugs, and
reversible photoswitches.
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Figure 3.
Different photoactivatable hydrogel designs with engineered light-responsive triggers for the

release of bioactive therapeutics.
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Common Photochemical Reactions for Targeted Drug Delivery
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