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In 1908, the German physician/scientist Paul Ehrlich 
introduced the term ‘magic bullet’ to describe the 
concept of designing chemicals that target invading 
microbes while sparing the human host1. The use of 
the word ‘bullet’ alludes to aiming at a target with a 
gun and arises from Ehrlich’s refrain that “we have to 
learn how to aim chemically”2. The idea of using chem-
istry to aim more precisely at the diseased site has been 
expanded to include drugs that are activated by external 
stimuli3–6. Light, as an external targeting agent, has many 
unique advantages, including low toxicity, superior  
spatial and temporal control, and the ability to tune drug 
activation and/or release by the power, duration and 
even the wavelength of the light source7–11. The utility of  
light-activated therapies is epitomized by the success 
of photodynamic therapy (PDT)12–16. PDT employs a 
photosensitizer that, upon exposure to light and oxy-
gen, generates reactive oxygen species (singlet oxygen, 
hydroxyl radical, peroxides and superoxide)12–15,17. The 
highly reactive, cytotoxic species oxidize, and, thereby, 
damage, key biomolecules (for example, DNA) critical 
for cell viability. PDT is clinically employed in derma-
tology and cancer therapy, and is typically well tolerated 
by patients12,15. Optogenetics is a related technology that 
employs genetically encoded, light-​activated proteins to 
elucidate the spatial and temporal elements of a variety 
of biochemical processes, which include mapping the 

functional neuronal pathways of the brain18. Both PDT 
and optogenetics demonstrate that the physical proper-
ties of light, coupled with continued developments in 
light delivery technology, provide the means to influ-
ence biology with exquisite precision. Given the success 
of PDT and the potential advantages of light-​directed 
therapy, it is surprising that the use of light to trigger the 
targeted delivery of drugs (phototherapeutics) has yet to 
find clinical application.

The tissue-​penetrating ability of light is dictated by 
four parameters. First, the nature of the tissue itself 
plays a key role, since some tissues (for example, the 
eye) are more transparent to light than others. Second, 
light delivery parameters (such as laser power and 
pulsed versus continuous settings) and technology 
are, likewise, capable of modulating tissue penetrance. 
Furthermore, where tissue depth is a potential issue, 
new developments in light delivery technology, such as 
biodegradable fibre optics19,20 and small wireless light 
sources21, serve as alternatives to traditional external 
light sources. Third, the ability to generate a required 
photon flux at a specific tissue depth represents only 
half of the equation. The phototherapeutic also deter-
mines whether a specific light intensity is sufficient for 
a functional response. In particular, the ability of the 
light-​responsive drug to capture photons (extinction 
coefficient (ε)) and subsequently translate photon 

Taking phototherapeutics from 
concept to clinical launch
Brianna M. Vickerman   1, Emilia M. Zywot   2, Teresa K. Tarrant   3 ✉  
and David S. Lawrence   1,2,4 ✉

Abstract | More than four decades have passed since the first example of a light-​activated (caged) 
compound was described. In the intervening years, a large number of light-​responsive derivatives 
have been reported, several of which have found utility under a variety of in vitro conditions using 
cells and tissues. Light-​triggered bioactivity furnishes spatial and temporal control, and offers  
the possibility of precision dosing and orthogonal communication with different biomolecules. 
These inherent attributes of light have been advocated as advantageous for the delivery and/or 
activation of drugs at diseased sites for a variety of indications. However, the tissue penetrance  
of light is profoundly wavelength-​dependent. Only recently have phototherapeutics that are 
photoresponsive in the optical window of tissue (600–900 nm) been described. This Review 
highlights these recent discoveries, along with their limitations and clinical opportunities.  
In addition, we describe preliminary in vivo studies of prospective phototherapeutics, with an 
emphasis on the path that remains to be navigated in order to translate light-​activated drugs into 
clinically useful therapeutics. Finally, the unique attributes of phototherapeutics is highlighted by 
discussing several potential disease applications.

1Department of Chemistry, 
University of North Carolina, 
Chapel Hill, NC, USA.
2Division of Chemical Biology 
and Medicinal Chemistry, 
University of North Carolina, 
Chapel Hill, NC, USA.
3Department of Medicine, 
Duke University Medical 
Center, Durham, NC, USA.
4Department of 
Pharmacology, University  
of North Carolina, Chapel Hill, 
NC, USA.

✉e-​mail:  
teresa.tarrant@duke.edu; 
lawrencd@email.unc.edu

https://doi.org/10.1038/ 
s41570-021-00326-​w

REvIEWS

www.nature.com/natrevchem816 | November 2021 | volume 5	

http://orcid.org/0000-0002-0696-8026
http://orcid.org/0000-0003-2021-8763
http://orcid.org/0000-0003-4067-5363
http://orcid.org/0000-0002-0901-1617
mailto:teresa.tarrant@duke.edu
mailto:lawrencd@email.unc.edu
https://doi.org/10.1038/s41570-021-00326-w
https://doi.org/10.1038/s41570-021-00326-w
http://crossmark.crossref.org/dialog/?doi=10.1038/s41570-021-00326-w&domain=pdf


0123456789();: 

capture into drug action (quantum yield (Φ)) are key 
photophysical parameters. The quantum yield is given 
by the number of molecules or moles of product formed 
divided by the number or moles of photons absorbed by 
the chromophore. Reported Φ values vary over several 
orders of magnitude, from <0.1% to 30% and greater22,23. 
The product of ε and Φ (εΦ (quantum efficiency)) 
offers a measure of the light responsiveness of the pho-
totherapeutic. A εΦ value of ~100 M−1 cm−1 is typically 
benchmarked as good24, and a value of 1,000 M−1 cm−1 as 
excellent25, although values in excess of 10,000 M−1 cm−1 
have also been reported26. In short, both ε and Φ of the 
light-​activated drug determine how penetrant light must 
be to have a functional impact. Fourth, tissue penetrance 
is dramatically impaired at short wavelengths (<600 nm), 
due to the presence of light-​absorbing biomolecules 
(such as haemoglobin and melanin). Until recently, 
nearly all reported photoactivatable compounds absorb 
short-​wavelength photons (300–450 nm), wavelengths 
that would otherwise restrict activation to no more than 
a few millimetres in tissue depth. This limitation is partly 
responsible for the intense interest in two-​photon27,28 and 
upconverting nanoparticle29 technologies. However, 
both technologies have shortcomings with respect to 
potential clinical applications, which include ineffi-
cient release and the requirement for high-​powered and  
specialized lasers29,30.

Phototherapeutics that respond to wavelengths 
within the optical window of tissue (600–900 nm) 
(Fig. 1) are a relatively recent innovation, with poten-
tially profound clinical ramifications. For example, 
studies have demonstrated that 800-​nm photons dis-
play a brain penetrance (through the skull) of up to 3 cm 
(refs31–38), thereby, exemplifying potential biomedical 
opportunities. We note that a large number of reviews 
have appeared on the general design and properties of 
photoactivatable compounds, and a few representative 

comprehensive articles are cited here7,39–48 and in appro-
priate places below. This Review focuses on the design 
of long-​wavelength-​responsive scaffolds (>600 nm) 
that mediate drug activation and/or release. In addi-
tion, we discuss the prospective path to clinically useful 
phototherapeutics.

Photoresponsive scaffolds that trigger bond lysis
Two general design strategies have been used to construct 
photoactivatable therapeutic agents. Most commonly, an 
essential functional group on the therapeutic is cova-
lently modified with a photocleavable moiety. Photolysis 
transforms the biologically inactive ‘caged’ compound 
to the active therapeutic. Alternatively, the therapeutic 
is retained within a carrier by virtue of a photocleavable 
moiety. This design approach controls the ability of the 
therapeutic agent to interact with its biological target.

BODIPY scaffolds
BODIPY, a fluorophore that absorbs green light and 
is relatively easy to synthesize, is stable in various 
media, has low toxicity and is an excellent chromo-
phore (ε = ∼105 M−1 cm−1)25,49–53. Several research 
groups have developed photocleavable scaffolds using 
a meso-​methyl BODIPY (boron-​dipyrromethene) core. 
The meso-​methyl BODIPY group (1) has been used to 
mask several functional groups, including carboxylic 
acids and alcohols. The mechanism of photorelease 
(green light) is hypothesized to proceed via an SN1 
reaction through a carbocation intermediate, followed 
by the nucleophilic attack of the solvent50,52,53 (Fig. 2). 
Subsequent studies were conducted to optimize this 
BODIPY scaffold and found that the addition of a heavy 
atom, such as Br or I, and boron alkylation improves 
the quantum yield of photorelease by up to two orders 
of magnitude25,50,54. Furthermore, the nature of the leav-
ing group also influences photolytic efficiency, which 
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Fig. 1 | The extinction coefficient as a function of wavelength for Hb, HbO2 and water. The region from 600 to  
900 nm has been referred to as the optical window of tissue due to enhanced tissue penetrance at these wavelengths.  
Hb, haemoglobin; HbO2, oxygenated haemoglobin. Adapted with permission from ref.147, American Chemical Society.

NATure RevIewS | CHemISTRY

R e v i e w s

	  volume 5 | November 2021 | 817



0123456789();: 

clearly has implications in the caging of various drugs50. 
With these features in mind, a collection of BODIPY 
derivatives with extended conjugation (660–690 nm) 
have been described and used to cage and photorelease 
various carboxylic acid derivatives25 (Fig. 2).

Amine-​containing derivatives have also been 
photodeprotected, as exemplified by the dopamine 
derivative 4 (ref.49) (Fig. 2). Dopamine (5) is not only 
an important neurotransmitter but it also plays a key 
role in the regulation of cardiac function by increas-
ing heart rate and contractile force. Indeed, exposure 
of cultured cardiomyocytes to the 652-​nm photolyzed 
BODIPY-​protected dopamine elicits an enhanced beat-
ing frequency comparable with that of cardiomyocytes 
treated with pure dopamine. These investigators also 
performed key control experiments, namely, studies 
in the absence of illumination, which are essential for 
validating light-​dependent activity. The gold standard 
of a phototherapeutic is the absence of biological activ-
ity in the dark, since undesired dark activity in vivo 
raises the prospect of metabolic conversion of the caged 
prodrug to its active counterpart. With respect to the 

BODIPY-​protected dopamine derivative, in the absence 
of photolysis, a slightly higher basal beating frequency 
is observed relative to untreated cardiomyocytes49. 
However, the slight dark activity displayed by caged 
dopamine is significantly less than that of its photolyzed 
counterpart.

The BODIPY scaffold has also been used to trigger 
and monitor the release of nitric oxide (NO) in a mouse 
model55. NO is a gasotransmitter that participates in 
neurotransmission, vasodilatation, hormone secretion 
and wound repair56. Given the biochemical promiscu-
ity of NO, using light to direct NO release has received 
significant attention. Illumination of the aza-​BODIPY 
scaffold (6, where R = CH3 or the more water-​soluble 
R = trimethylammonium derivative) results in photoly-
sis of the N-​nitroso bonds and generation of NO (ref.55) 
(Fig. 2). Due to the loss of the electron-​withdrawing 
N-​nitroso group during photolysis, the by-​product (7) 
is bathochromically shifted by 70 nm relative to the 
starting material55. Consequently, two wavelengths (λblue 
and λred) can be used to monitor the amount of start-
ing material (6) and product (7) present, which was 
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demonstrated in vivo using a tumour mouse model  
(see the section entitled The phototherapeutic effect).

Hydrogen sulfide (H2S) is another gasotransmitter 
that elicits antioxidative, anti-​inflammatory and other 
cytoprotective effects57,58. Like NO, the targeted photo
release of H2S has potential therapeutic implications, 
particularly in the areas of cardiovascular disease, obe-
sity, diabetes, ageing and neurodegenerative diseases58–61. 
A red-​shifted BODIPY derivative 9 (R = styryl moiety) 
possesses an S-​thiocarbamate moiety that serves as the 
incipient H2S (Fig. 2). However, photorelease does not 
directly furnish the gasotransmitter but, rather, gaseous 
carbonyl sulfide. The latter is enzymatically converted to 
H2S via carbonic anhydrase, a ubiquitous enzyme found 
in mammalian tissues. The photogeneration (700 nm) of 
H2S from 9 was confirmed in a human liver cancer cell 
line (HepG2) using a fluorogenic H2S probe (SF7-​AM).

Light-​responsive carbon monoxide (CO)-​releasing 
molecules (photoCORMs) have potential therapeutic 
implications for inflammatory, vascular and oncogenic 
diseases22,62. However, CO is infamous for its ability to 
bind to haemoglobin 200-​fold more strongly than oxy-
gen, with lethal consequences at high concentrations. 
Therefore, precise delivery of the right amount of CO 
at the specific region of interest is crucial63. Most pho-
toCORMs are transition-​metal-​based and respond to 
wavelengths outside of the optical window of tissue. 
In contrast, the BODIPY scaffold that was used to cre-
ate the first photoCORM (11) absorbs well into the far 
red (λmax = 652 nm, but with the absorption band out 
to 730 nm)22. The proposed mechanism of CO release 
involves intersystem crossing and photoinduced electron 
transfer steps (Fig. 2). In vivo studies with 11 confirmed 
photo-​triggered release of CO.

Scope and opportunities. The BODIPY scaffold contains 
a number of exemplary features, including excellent ε 
and Φ values, as well as maximal wavelengths of photo-
activation (well into the 750+ nm range). A limited num-
ber of bioactive species has been caged using BODIPY 
derivatives, primarily gasotransmitters. Although 
the latter have been studied in vivo, detailed analyses 
on the metabolic stability of BODIPY caged deriva-
tives remain to be conducted. Finally, as discussed in 
a later section, the incorporation of long-​wavelength-​
responsive BODIPY derivatives into carrier-​based 
constructs represents a potential opportunity for the 
photo-​delivery of an assortment of therapeutic agents.

Cyanine scaffolds
Another fluorophore scaffold that holds promise as a 
photon-​absorbing agent for caging bioactive compounds 
belongs to the cyanine family of fluorophores64,65. 
Heptamethine cyanines have been used in a vari-
ety of bioimaging applications, and some derivatives 
are well-​tolerated in humans66–68. Cyanine deriva-
tives absorb far-​red light, have large ε values and are 
detected even under demanding in vivo conditions66–69. 
A cyanine–flavonol conjugate has been described with 
excellent optical properties (photolysis at 800 nm 
with ε = 250,000 M−1 cm−1), capable of efficiently releas-
ing two CO molecules per CORM 12 (Fig. 3) (110-​fold 

greater than 11)68. Mechanistic studies confirmed that 
the source of CO is the flavonol, as revealed by the 
photo-​by-​product (13). Cell-​based and in vivo stud-
ies were also conducted with 12, which demonstrated 
light-​dependent CO release68.

The utility of the heptamethine cyanine scaffold 
as a near-​infrared photocaging group was examined 
for phenol-​containing therapeutics66. The premise of 
this strategy is based on light-​induced photooxidative 
cleavage at the C1–C1′ and/or C2′–C3′ bonds of the 
cyanine π system (14), thereby, rendering the C4′–N 
bond susceptible to hydrolysis. The resultant free amine 
subsequently promotes an intramolecular cyclization to 
yield the parent drug66,67,69 (Fig. 3). A library of cyanine 
derivatives was prepared to study the structure–function 
relationships of various photorelease properties, includ-
ing λmax, photooxidation efficiency, uncaging kinetics 
and dark hydrolysis rate69. The lead derivative (18) con-
tains an N,N′-​diethylethylenediamine linker between 
the chromophore scaffold and the site that houses the  
drug cargo. Compound 18 displays a λex in the far 
red (732 nm) and minimal dark hydrolysis (10% after 
10 days). With the lead chromophore in hand, the 
light-​triggered drug delivery design strategy was tested 
in vivo using an antibody–drug conjugate (ADC) motif. 
Although ADCs do contain a disease-​targeting antibody 
moiety, the release of the attached drug in a controlled 
spatiotemporal manner remains a challenge67,69. The 
alkyne moiety on 18 was employed to covalently attach 
the exceptionally cytotoxic alkylating agent duocar-
mycin (19) to the antibody of choice. This ADC pho-
totherapeutic had been used to site-​selectively deliver 
duocarmycin in a tumour-​bearing mouse model (see the 
section entitled The phototherapeutic effect).

The heptamethine cyanine chromophore has, like-
wise, been employed to construct the caged cispla-
tin derivative 20 (ref.23). The promiscuity of Pt-​based 
chemotherapeutics often results in undesired systemic 
toxicity and limits the dosage that can be given to 
patients. Consequently, spatially controlled generation of 
the aquated/active form could reduce toxicity. Although 
a number of light-​promoted Pt complexes have been 
described70, this work is the first example of activation 
in the optical window of tissue (at 790 nm). In addition 
to photorelease of the bioactive platin species, these 
investigators demonstrated that the cyanine dye exerts 
a photodynamic effect, thereby, simultaneously gene
rating reactive oxygen species. There is a noteworthy 
element to this observation that has consequences well 
beyond this particular study. Nearly all of the chromo-
phores described in this Review are long-​wavelength 
fluorophores, many of which can serve as photodynamic 
agents. Therefore, it is essential that control experiments 
are designed to properly attribute the observed biolog-
ical response to the mechanism of action (that is, drug 
release versus the generation of reactive oxygen species).

Scope and opportunities. The cyanine scaffold possesses 
an extraordinarily large ε, as well as the demonstrated 
release of chemotherapeutic agents. It will be interesting 
to see if this strategy can be extended to a variety of wave-
lengths. As with the BODIPY caged gasotransmitters, 

Carrier
Synthetic or biological material 
to protect a therapeutic from 
unwanted/early degradation or 
activation at healthy tissues.
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site-​directed photorelease has been demonstrated in vivo 
with 19. For the latter, the mechanism of release requires 
oxygen. Although not explicitly tested, release of the 
active form of cis-​platin from 20 presumably transpires 
in the absence of oxygen. Oxygen dependency lim-
its the utility of this scaffold in hypoxic settings, such 
as the tumour microenvironment. However, an analogue 

of the cyanine scaffold has recently been described that 
operates independently of oxygen by employing a pho-
toinduced electron transfer drug release mechanism71. 
Finally, the incorporation of a cyanine-​based caged 
chemotherapeutic onto an antibody67 and in micelles71 
demonstrates the feasibility of using this chromophore 
in carrier-​based constructs.
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Cobalamin scaffolds
The CoIII–C bond of alkyl-​cobalamins (alkyl-​Cbl) (22) 
has long been known to undergo homolytic cleav-
age upon absorption of light within the 330–575-​nm 
range72–74. In at least one case, this transpires with an 
astounding initial quantum yield (Φ = 1)74. However, 
efficient photogeneration of the CoII and R• interme-
diates is offset by rapid recombination. Nonetheless, it 
is not uncommon to obtain final Φ values of 0.2–0.5, 
exceptional values in the photochemical realm. In con-
trast to the BODIPY derivatives, extension of alkyl-​Cbl 
photochemistry into the red, far-​red and near-​infrared 
wavelengths was not achieved by manipulating the  
π system of the chromophore. Instead, long-​wavelength 
fluorophores were installed adjacent to the corrin ring 
(for example, on the ribose moiety)72. Excitation of the 
fluorophore is presumed to trigger an electron trans-
fer, resulting in the formation of exceptionally unstable 
CoII–R and/or CoIV–R bonds75–77, and the subsequent 
release of R• and/or R+, respectively (Fig. 4). The mod-
ular nature of this strategy allows the wavelength of 
photocleavage to be pre-​assigned by choosing from a 
wide variety of commercially available fluorophores 
(600–800 nm). Furthermore, designated photolysis 
wavelengths enables the construction of orthogonally 
photoresponsive compounds that can be distinguished 
on the basis of wavelength alone78–81.

An array of small molecule drugs, including colchi-
cine (24), methotrexate (25), paclitaxel and docetaxel, 
have been attached to Co via amine-​containing or 
carboxylic-​acid-​containing linkers79,80. However, unlike  
traditional caged molecules, the site chosen for drug 
modification does not interfere with drug activity. 
Rather, the Cbl moiety is known to be membrane- 
impermeable, and this property was used to entrap 
drug–Cbl–fluorophore conjugates within red blood cells 
(RBCs). Specifically, drug–Cbl–fluorophore derivatives 
are readily loaded into RBCs under hypotonic condi-
tions, resulting in swelling and pore formation in the 
cell membrane. Subsequent restoration of isotonicity 
reseals the pores and traps the drug–Cbl–fluorophore 
conjugate in the RBC interior79,80 (Fig. 4). Upon exposure 
to the appropriate wavelength of light (for example, 24 

at 780 nm, 25 at 650 nm), the Co–C bond is photolyzed 
and the now membrane-​permeable drug escapes from 
the RBC. Concentrations as high as 40 µM drug–Cbl–
fluorophore have been loaded into RBCs. RBCs contain-
ing a photoresponsive taxol derivative were introduced 
into mice (via tail vein injection) and photoreleased with 
well-​defined spatiotemporal control79 (see the section 
entitled The phototherapeutic effect). By contrast, the 
inactive control derivative (H2O–Cbl–fluorophore) 
loaded into RBCs was not biologically active.

The strategy outlined in Fig. 4d requires the thera-
peutic to readily diffuse through cell membranes. An 
alternative approach has been developed for membrane- 
impermeable agents, such as peptide-​based drugs82. The 
Cbl–drug conjugate is appended to the RBC surface 
using a lipid anchor, as illustrated for the dexamethasone 
conjugate 26. Long-​wavelength antennas, in the form of 
lipidated fluorophores, can be simultaneously anchored 
to the surface of the RBCs as well78 (Fig. 4e). As in the 
case of internally loaded Cbl–drug conjugates (Fig. 4d), 
a variety of drugs and fluorophores (λex = 600–800 nm) 
has been used to photorelease therapeutic agents from 
the surface of RBCs78.

Protein therapeutics is another class of drugs that 
could benefit from targeted delivery mechanisms83,84. The 
RBC-​conveyed drug delivery strategy has been expanded 
to include protein therapeutics using a photohaemolytic 
trigger comprised of melittin (Mel), an active compo-
nent of bee venom85 (Fig. 4f). Although Mel has received 
significant attention as an anticancer, anti-​inflammatory 
and antimicrobial agent, it is perhaps best known for its 
ability to bind to and lyse RBCs. RBCs are first loaded 
with the therapeutic protein of interest using the hypo-
tonic loading method described above. Following RBC 
pore resealing, which results in protein entrapment, 
the RBC surface is subsequently exposed to C18–Mel 
and a lipidated Cbl derivative covalently attached to a 
‘blocking segment’ (BS) peptide (C18–Cbl–BS). The BS 
peptide interacts with Mel and inhibits its lytic activity. 
Upon illumination, the Co–C bond is photolyzed, the BS 
peptide is released from the RBC surface, Mel-​induced 
haemolytic activity is unleashed and the internally 
loaded therapeutic protein is released. Furthermore, 
the wavelength of photorelease is assigned by attaching 
a fluorophore with the desired excitation profile to the 
BS peptide (C18–Cbl–Cy5–BS), as evidenced by photo-
haemolysis at 650 nm using the Cy5 fluorophore (Fig. 4f). 
Proteins loaded and photoreleased include the vascular 
endothelial growth factor (VEGF), which has received 
significant attention for therapeutic angiogenesis86, and 
thrombin (see the section entitled The phototherapeutic 
effect), which is representative of clotting proteins85.

Scope and opportunities. The Cbl scaffold has been 
applied to a wide variety of drugs, including small mol-
ecules, peptides and proteins. Furthermore, the wave-
length of activation is readily set using very bright, 
commercially available fluorophores. Large ε in con-
junction with excellent Φ suggests that Cbl-​based 
phototherapeutics should display good quantum effi-
ciency under in vivo conditions. However, a key limi-
tation is that the freed drug molecule is conjugated to a  

Fig. 4 | Photolysis of alkyl-cobalamin–fluorophore caged compounds. a | Full 
structure of a ‘cargo’ substituted alkyl-​cobalamin (alkyl-​Cbl) (22). b | Schematic structures 
of alkyl-​Cbl–fluorophores. Excitation of the appended fluorophore (22) is presumed to 
trigger a photoinduced electron transfer (PET) that either reduces (shown) or oxidizes 
CoIII, which results in the subsequent release of the -​CH2R moiety and formation of the 
hydroxy-​Cbl by-​product (23). c | Example drug–Cbl–fluorophore conjugates (24, 25).  
The conjugates are designed to execute the mechanism shown in parts d, e or f. d | The 
conjugates are loaded into the interior of red blood cells (RBCs) by pore-​forming  
hypotonic conditions. Subsequent restoration of isotonicity seals the pore and traps the 
phototherapeutic in the RBC. Photolysis frees the drug from the membrane-​impermeable 
Cbl. e | Lipidated drug–Cbl conjugates (26) and lipidated fluorophores self-​assemble 
onto the surface of RBCs, which forms an active phototherapeutic array. Illumination 
releases the drug from the Cbl–lipid anchor. f | Design of a photohaemolytic RBC.  
The engineered RBC is internally loaded with protein therapeutic and externally 
modified with a photohaemolytic trigger comprised of melittin (Mel; blue helix) and  
a blocking segment peptide that inhibits Mel haemolytic activity. Photolysis releases  
the blocking segment peptide, which activates Mel and subsequently releases the 
therapeutic proteins. Part d adapted with permission from ref.80, Wiley. Part e adapted 
with permission from ref.78, Wiley. Part f adapted with permission from ref.85,  
American Chemical Society.
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small linker. This could complicate regulatory approval.  
By contrast, the photo-​rupture of RBCs (Fig. 4f) avoids 
this potential problem, at least for proteins and other  
membrane-​impermeable drugs.

RuII scaffolds
Ruthenium (RuII)-​based bipyridine derivatives were first 
introduced as caging agents for nitrogen-​containing 
neurotransmitters87–91. Although these derivatives 
proved to be effective light-​activatable agents for 
in vitro biological studies, their instability in the dark, 
low ε and poor Φ (0.001–0.1), and maximum absorp-
tion (λ < 500 nm) outside of the optical window of tissue 
are less than ideal for in vivo applications92. However, 
Φ values can be improved by an order of magnitude 
through the simple introduction of a triphenylphos-
phine ligand (27)91 (Fig. 5). Bathochromically shifted 
ruthenium complexes have been reported that release 
the cytochrome P450 inhibitor abiraterone93. In addi-
tion, a red-​light-​activated ruthenium-​caged inhibitor 
of nicotinamide phosphoribosyltransferase has been 
prepared and characterized (29; λmax = 531 nm, but 
photoresponsive out to 625 nm)94. Finally, we note that 
ruthenium complexes not only coordinate and photore-
lease primary amines (for example, 27) and aromatic 
nitrogen-​containing compounds (for example, 29) but 
nitrile-​containing95 and thioether-​containing96 com-
pounds as well. For example, nitrile ligands undergo 
photodissociation with near-​infrared light irradiation 
(λmax in H2O = 497–517 nm, but photoresponsive out to 

655 nm) from Ru–terpyridine compounds containing 
electron-​donating acetylacetonate groups97,98.

The effect of electronic and steric factors on key 
photophysical properties has been described for a 
variety of previously developed RuII complexes92. As 
expected, bidentate ligands with extended π systems 
generate bathochromically shifted complexes (λmax  
values out to the mid-500s, with tails out to the mid-600s).  
Furthermore, the structural nature of the photoreleas-
able ligand has a significant impact on the stability and 
the Φ of the complex. Finally, an increase in the Φ was 
found to correlate with a decrease in the overall dark 
stability of the compound. However, derivatives were 
identified with favourable dark stability and photophys-
ical properties that offer promise for this intriguing class 
of photoresponsive scaffolds.

Scope and opportunities. The RuII-​based scaffold bene-
fits from certain unique properties not seen with other 
light-​responsive scaffolds, particularly the ability to 
coordinate and photorelease pyridine-​containing and 
nitrile-​containing compounds. However, extension of 
the absorption of RuII complexes into the far-​red region 
remains a work in progress. The ε values for red light 
photolysis are modest, which suggests, as currently 
devised, that the use of these derivatives for deep tis-
sue applications is not ideal. Finally, as noted by others, 
in vivo studies of light-​responsive Ru-​based complexes 
are limited99. Consequently, a detailed examination of 
the stability, toxicity and efficacy of these complexes in 
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animal models of human disease are needed to assess 
their potential in the clinic.

Prospective photolytic scaffolds
The photoresponsive moieties described in the previous 
sections have received significant attention as scaffolding 
for the construction of phototherapeutics. This section 
will focus on two promising long-​wavelength-​responsive 
protecting groups that have been recently employed for 
light-​activated drug release.

The silicon phthalocyanine (SiPc) scaffold possess 
a photolabile Si–O bond that is responsive to 690-​nm 
light100 (Fig. 5). The photochemistry of the SiPc scaffold was 
explored with a SiPc–combretastatin–A4 conjugate con-
taining a water-​solubilizing 1,3-​bis(trimethylaminium)- 
2-​propanol ligand (30). Under normal oxygen conditions,  
the Φ for 1O2 generation is excellent, at 0.39. By con-
trast, the quantum yield for uncaging (formation  
of 31) under these conditions is negligible at 3 × 10−6.  
The latter improves by 900-​fold in the absence of oxygen 
(Φ = 2.7 × 10−3)100. In short, at present, the SiPc scaffold is 
limited to uncaging of phenols and only modestly tran-
spires under hypoxic conditions. In addition, the SiPc 
macrocycle by-​product is insoluble in aqueous solution, 
a potentially serious impediment for in vivo applications. 
However, water-​soluble carriers, such as liposomes, 
could overcome this challenge (see the section entitled 
Path to clinical applications).

Another potential photolytic scaffold is aminobenzo-
quinone (32), which absorbs light in the red region (for 
example, ε = 1,000 M−1 cm−1 @ 600 nm) and undergoes 
photolysis in dichloromethane (Φ = 0.1). Unfortunately, 
this scaffold’s photolytic efficiency is unfavourably 
impacted by aqueous conditions (Φ < 0.01 in 30% aque-
ous CH3CN)101–103. To overcome this limitation, several 
drug–nanoparticle conjugates have been synthesized, 
where the caged drug can be embedded within a hydro-
phobic environment102. More recently, the aminoben-
zoquinone framework has been modified to improve 
water solubility and quantum yield; however, extension 
out into the red remains modest (λmax at 550 nm with 
ε = 2,500 M−1 cm−1), with a tail out to ~625 nm (refs104,105). 
The photophysical properties of these derivatives limit 
their application to easily light-​accessible tissues (for 
example, the skin) or regions where fibre optics can be 
placed. Furthermore, it is likely that the benzoquinone 
is susceptible to metabolic reduction and/or nucleop-
hilic attack under in vivo (intracellular) conditions. 
Nonetheless, given the simplicity of the benzoquinone 
moiety, it may be possible to generate long-​wavelength 
derivatives with photophysical properties that are more 
optimally tuned to deep tissue applications.

Photoresponsive scaffolds that trigger bond 
isomerization
Photoisomerization represents a potentially attractive 
alternative to photolysis as a means for controlling bio-
logical activity40,106–108. This approach involves the inter-
conversion of the cis and trans configurational isomers 
of a double bond and/or the electrocyclization of trienes. 
These ‘photoswitches’ include azobenzenes, spiropyrans, 
hexaarylbiimidazoles, donor–acceptor Stenhouse 

adducts (DASAs), hydrazones, indigoids109 and other 
chromophores106,108. The overwhelming majority of 
these species respond to ultraviolet and/or short visible 
wavelengths. In recent years, a few derivatives have been 
described that respond to red light.

Azobenzene scaffolds
The most commonly used chromophore for photo
switches is the azobenzene scaffold40,110–112. Azobenzenes  
have been used as photoswitches in a wide variety of 
molecules, including peptides, proteins, nucleic acids, 
lipids and carbohydrates40. Key features of the azoben-
zene scaffold are their resistance to photobleaching, 
good quantum yields, reversibility and a robust liter-
ature on the synthesis and properties of azobenzene 
derivatives. For simple azobenzenes (33), the most 
thermodynamically stable trans isomer is converted to 
its cis counterpart in the ultraviolet range (320–340 nm) 
and the less energetically favourable cis isomer is 
transformed to its trans counterpart by visible light or 
thermally (Fig. 6). However, given the therapeutic limi-
tations of short wavelengths, there is intense interest in 
generating longer-​wavelength-​responsive azobenzene 
analogues110,113–115.

Although several azobenzene photoswitches have 
been described that respond to red light (625 nm), 
excitation lies at the tail end of the absorption spectra. 
Consequently, the ε values in this region are extremely 
small. Nonetheless, activation by red light is promising, 
since this suggests that azobenzene derivatives with 
λmax values in the red have the potential to be invalu-
able for drug delivery purposes. Indeed, the contin-
ued introduction of azobenzene photoswitches with 
more favourable photophysical properties bodes well 
for these scaffolds116. A potentially useful feature of 
red-​shifted azobenzenes is their tendency to undergo 
rapid cis to trans dark (thermal) conversions (often 
on the time frame of seconds at room temperature)40. 
Under these circumstances, it is preferable to have the 
cis isomer serve as the light-​triggered bioactive species 
(exceptions to this ‘rule’ have been reported)117,118. The 
short lifespan of red-​shifted cis isomers represents an 
interesting biomedical opportunity: only species within 
the illuminated region (that is, at the diseased site) are 
bioactive; those that diffuse from this area will rapidly 
reset to the inactive state. However, this may necessitate 
constant illumination at the site of interest. Clearly, the 
optimal lifespan for any given bioactive agent remains 
to be determined when employed in this fashion. 
Fortunately, tuning cis thermal stability is straightfor-
ward via manipulation of substituents on the aromatic 
ring that are ortho to the azo bridge110.

One of the few examples of an azobenzene-​based, 
red-​light-​triggered activation of a drug employed the 
antibiotic trimethoprim (34)119. Since many bacte-
rial infections prefer anatomical sites of infestation,  
it has been argued that spatially targeted phototherapy 
would use smaller amounts of medicinal agent, miti-
gate side effects and reduce drug resistance120. A library 
of trimethoprim derivatives (35) was synthesized and 
screened in order to identify derivatives that display 
antibacterial activity with a pronounced dependence 
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on the cis:trans ratio (Fig. 6). Indeed, the library screen 
furnished a lead (36a; X = H, R = OCH3) in which the cis 
isomer is a more potent antibiotic than the trans isomer, 

albeit only by twofold. Although the λmax for 36a is at 
360 nm, irradiation at the tail end of the spectrum (at 
537 nm with Φ = 0.18) favours the cis isomer over that 
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of its trans counterpart (Φ = 0.02). Red-​shifted analogues 
(λmax = 465 nm, but photoresponsive out to 652 nm) were 
constructed via the introduction of halogen substitu-
ents (36b; X = Cl, R = H), based on previous work121,122. 
However, as noted above, the photoconversion of one 
azobenzene isomer to the other is rarely absolute. For 
both 36a and 36b, the optimized photostationary state 
ratio for cis:trans is ~7:1. With the latter in mind, dark 
state 36b (trans isomer favoured) displays a minimum 
inhibitory concentration to inhibit the growth of 50% 
of organisms (MIC50) of >80 µM. By contrast, the MIC50 
for irradiated 36b is 10 µM. The dark:light MIC50 ratio 
is eightfold and approximates that of the cis:trans  
ratio of the photostationary state (sevenfold).

The tetra-​ortho-​methoxy-​substituted azobenzene 
(37) was designed to trigger the release of compounds 
from hydrogels and mesoporous silica nanoparticles123,124.  

The trans azobenzene isomer of 37 binds to β-​cyclodextrin  
20-​fold more tightly than the corresponding cis 
analogue123,125 (Fig. 6). Poly(acrylic acid)-​modified deriv-
atives of 37 and β-​cyclodextrin (38) are mixed to form 
a hydrogel that is loaded with fluorescent bovine serum 
albumin (Fig. 6). Subsequent illumination at 625 nm dis-
rupts the hydrogel and releases more than 80% of the 
loaded bovine serum albumin. An analogous strategy has 
been successfully deployed for doxorubicin, which can be 
photoreleased from mesoporous silica nanoparticles124.

Finally, a boronic-​acid-​substituted azobenzene has 
also been used to control the binding of diols126,127. In 
particular, 39 exhibits a greater affinity for various diols 
(up to 20-​fold) than its isomeric counterpart 40. This 
light-​dependent preference for diols has been used to 
trigger the sol–gel transition of a poly(ethylene glycol) 
hydrogel.

Scope and opportunities. The azobenzene scaffolds 
reported to date have modest ε values in the optical 
window of tissue. Furthermore, the cis and trans iso-
mers have overlapping wavelengths of absorption. 
Therefore, excitation generates a photostationary state in 
which one isomer (typically, the cis) is only moderately 
favoured over the other. However, these derivatives do 
offer interesting opportunities as molecular gatekeepers 
on nanoparticle-​based drug delivery systems. Further 
improvements in the photophysical properties of these 
derivatives will drive drug delivery efforts.

Donor–acceptor Stenhouse adduct scaffolds
DASA derivatives have been reported with λmax val-
ues of 670 nm (ref.128). These species, as exemplified 
by 41, are comprised as an electron-​deficient region 
(Meldrum’s or barbituric acids, where X = O or N, 
respectively) and an electron-​rich amine-​based moi-
ety. Light absorption by 41 triggers an olefin isomer-
ization and a subsequent thermal electrocyclization, 
thereby, generating the colourless cyclopentenone 
derivative 42 (Fig. 7). Consequently, unlike azobenzenes, 
illumination-​induced isomerization proceeds only in 
one direction. Reconversion to the triene 41 transpires  
in the dark (thermally). In addition, the interconversion 
of 41 and 42 provides a hydrophobic to hydrophilic polar-
ity change, which can be exploited to release therapeutic  
agents129–132.

In one example, the DASA photoswitch was employed  
to create light-​sensitive micelles that house hydropho-
bic compounds in the dark and release them upon 
illumination129. DASA 41 is an amphiphile that aggre-
gates into micelles. Upon illumination with visible light, 
photoisomerization of 41 to its zwitterionic counterpart 
disrupts the micelle, resulting in the release of cargo 
(paclitaxel). Unlike the reversible interconversion of 39 
and 40, micelle disruption is irreversible due to solvation 
of the zwitterionic isomer129.

The light-​induced change in hydrophobicity of DASA 
derivatives has also been used to create light-​controlled 
bioreactors130. The latter are of significant biomedical 
interest, as exemplified by the application of aspara-
ginase for the treatment of acute lymphoblastic leu-
kaemia (a cancer dependent upon a plasma source of 
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asparagine)133. DASA derivatives were employed to con-
trol the membrane permeability of polymersomes, which 
are hollow polymer vesicles (Fig. 7). Polymersomes, com-
prised of a DASA-​based amphiphilic block copolymer, 
were rendered permeable to small molecules upon 
illumination, and they subsequently returned to their 
impermeable state in the dark. This was demonstrated 
in several ways, but most relevant to the concept of ther-
apeutically useful bioreactors is the incorporation of glu-
cose oxidase into the polymersome130. In the presence of 
light, glucose enters the polymersome and is acted upon 
by glucose oxidase, which generates hydrogen peroxide 
as a by-​product. The latter, when coupled with perox-
idase, is commonly used to colorimetrically monitor 
glucose levels.

Scope and opportunities. Unlike the azobenzene 
derivatives, only one isomer of the DASA scaffold is 
photoresponsive, with a maximal wavelength of absorp-
tion out to 670 nm. In addition, DASA derivatives 
have been incorporated into carriers. These features 
are promising, but additional studies are required to 
improve the photophysical properties of this scaffold 
and establish therapeutic generality.

Comparison of photoswitchable and photolytic 
strategies
The design of phototherapeutics based on the pho-
toswitch mechanism requires identification of a 
modifiable, non-​essential site on the drug of interest. 
Modification at a non-​essential site is necessary, since 
the photoswitch remains attached to the drug molecule. 
In addition, the photostationary state of photoswitches is 
commonly comprised of both isomers, one of which pre-
dominates. In short, photoconversion from a completely 
inactive to active form is challenging. Furthermore, it 
is not unusual for the less thermodynamically stable 
isomer to thermally convert to the more stable isomer 
in the dark. Consequently, it makes sense to engineer 
bioactivity into the less stable isomer, which can then 
revert to the inactive form in the dark. Finally, since 
thermal reversion from one isomer to the other can 
be fast, this will likely necessitate continuous illumina-
tion at the diseased site to ensure the presence of active 
drug. By contrast, the photolysis mechanism commonly 
entails modification of a functional group that is essen-
tial for activity on the drug of interest. But not all thera-
peutic agents possess an indispensable or a dispensable 
functionality that is easily modified. However, despite 
unique challenges in the design of photoswitchable and 
photolytic light-​activated therapeutics, both strategies 
do share potential shortcomings. First, covalent mod-
ification of a therapeutic agent is less than desirable, 
since it is the parent structure that has been optimized 
for therapeutic purposes. Second, approval for the use of 
modified drugs faces significantly higher hurdles than 
approval for parent drugs that have simply been refor-
mulated. Third, the vast majority of potential photother-
apeutic agents discussed to this point require a photo 
event for every drug molecule activated. However, the 
one drug/single photo event constraint is therapeutically 
inefficient, particularly if large amounts of active drug 

need to be delivered to the diseased site. Constructs that 
release or activate multiple drugs with a single photo 
event represent an attractive alternative, a strategy that 
necessitates the use of carriers (nanoparticles, hydrogels, 
cells etc.)3,8,11,123,124,134. Indeed, although both photolytic 
and photoswitchable strategies have been used in this 
fashion, with few exceptions (Fig. 4 and previous discus-
sions), nearly all examples employ short wavelengths for 
the photorelease of therapeutically active cargo.

Path to clinical applications
We have highlighted the current status of the design 
of long-​wavelength-​responsive scaffolds and the drugs 
appended or associated with them. However, like con-
ventional drugs, acquisition of a preclinical lead (for 
example, a potent inhibitor of a target enzyme) repre-
sents just the beginning of an often tortuous path to the 
final therapeutic agent. For example, the absorption, 
distribution, metabolism and excretion of a potential 
drug needs to be addressed135. Absorption, distribu-
tion, metabolism and excretion, and related issues, 
may prove to be uniquely challenging, given the struc-
tural complexity of phototherapeutics relative to their 
conventional counterparts. Light-​activatable drugs 
are multicomponent entities that not only include the 
therapeutic agent to be delivered but also the chromo-
phore, (often) a linker between the chromophore and 
drug, and, potentially, a carrier. Furthermore, photo-
therapeutics have the additional issue of dependence 
on a light source. A 2018 perspective on photoactivated 
chemotherapy noted that much of the work to date has 
focused on the acquisition of light-​activated drugs with 
only an obligatory nod to their clinical application43. 
This is perfectly understandable, given the relatively 
recent introduction of long-​wavelength-​responsive 
drug scaffolds. It has also been argued that it is critical 
to take a disease-​based approach in the design of pho-
totherapeutic agents43, a sentiment that we share. This 
diseased-​based imperative is addressed in the sections 
that follow, with a focus on the transport of photothera-
peutic agents (in the next section entitled Carriers) and 
the clinical rationale for the use of light-​activated drugs 
(in the section entitled The phototherapeutic effect).

Carriers
In earlier sections, we briefly touched on the use of car-
riers for phototherapeutics. Drug transporters offer a 
number of potential advantages, relative to that of the 
phototherapeutic itself, in an in vivo setting. These 
include the distribution, protection from metabolism 
and quantal (localized, high-​concentration) delivery of 
the phototherapeutic. In addition, properly designed 
carriers potentially allow the parent drug, and not 
a covalently modified analogue, to be conveyed to 
and photoreleased at the diseased site. The potential 
beneficial attributes of carriers are outlined below.

Distribution. At first glance, this may appear to be 
redundant, since one of the presumed strengths of photo-
therapeutics is light-​directed spatial targeting. However, 
built-​in redundancies to accentuate diseased site delivery 
should be viewed as advantageous. This is exemplified by 

NATure RevIewS | CHemISTRY

R e v i e w s

	  volume 5 | November 2021 | 827



0123456789();: 

the antibody–phototherapeutic conjugates (19), which 
preferentially distribute the appended caged drugs to 
specific sites (including the site of therapeutic interest). 
Subsequent illumination furnishes enhanced spatially 
resolved treatment. However, carriers can serve roles 
beyond active targeting of the diseased sites. For exam-
ple, stimuli-​responsive hydrogels have been investigated 
as drug depots, including those that respond to pH, tem-
perature and small molecules. Light offers the means to 
precisely control the timing and amount of drug that 
is released136. Photochemically responsive hydrogel-​
based drug release systems have also been demonstrated 
(Fig. 6). A very different strategy uses RBCs to confine 
therapeutic agents to the vasculature (Fig. 4). Disorders 
of the vasculature, including ischaemic and haemor-
rhagic stroke, represent clinical targets of opportunity. 
It would also be premature to rule out the possibility 
of using phototherapeutics in the absence of carriers. 
It is possible that one or more of the chromophore-​
containing scaffolds might selectively accrue at diseased 
sites. For example, in analogy to folate receptor-​targeted 
chemotherapeutics137, B12–drug conjugates are known to 
accumulate in tumours138,139. However, if the photother-
apeutic agent is directly taken up by cells, what happens 
in the absence of light? Is the drug metabolically cleaved 
from the chromophore? If not, how long does the photo-
therapeutic remain functionally silent? Is the photother-
apeutic removed from or inactivated in non-​illuminated 
tissue? These are questions that need to be addressed 
when considering the use of phototherapeutics alone or 
in conjunction with a carrier.

Metabolism. Carriers possess the potential advantage of 
sheltering the drug, linker and chromophore from met-
abolic processing. The metabolic fate of approved drugs 
is well defined. However, a key challenge associated with 
the design of peptide and protein-​based therapeutics is 
their metabolic instability, resulting in a limited circu-
latory lifespan (for example, tissue plasminogen acti-
vator, which is on the order of a few minutes)140. With 
this in mind, photorelease of a metabolically sensitive 
therapeutic, from a carrier, at the diseased site repre-
sents a potentially game-​changing clinical opportunity. 
In addition to the drug itself, the linker between drug 
and chromophore is typically comprised of functional-
ity that is metabolically fragile, such as the carbamate  
in 4, the thiocarbamate in 9, the amide in 24 and 25, and 
the ester in 26. When appropriately embedded within a 
carrier, the key linker functionality should be protected 
from circulatory hydrolytic enzymes. Indeed, depending 
upon the nature of the disease, oral administration may 
be the preferred route of delivery. Consequently, a carrier, 
whether artificial (for example, mesoporous silica nano-
particles) or endogenous (for example, transcobalamin), 
may offer the means by which the phototherapeutic can 
be orally delivered in an intact form. Finally, in a few 
instances, chromophore metabolism has been explored. 
For example, the azobenzenes are known to be prone 
to reduction by glutathione40, an intracellular tripeptide 
present at concentrations of up to 10 mM. Fortunately, 
electron-​rich azobenzenes appear to be more resistant to 
glutathione-​mediated reduction40. Alkylcobalamins are, 

likewise, potentially subject to intracellular metabolic 
processing, but via reductive dealkylation141. In short, 
carriers may serve to protect the phototherapeutic from 
metabolic processing in two ways: as a shield against cir-
culatory enzymes and as a vehicle that limits unwanted 
cellular uptake and/or excretion.

Quantal delivery. Carriers can be loaded with high drug 
concentrations, which potentially enables delivery of  
relatively large amounts of therapeutic agent in a local-
ized fashion. This has analogy to the quantal release 
mechanism of neurotransmitters observed at synapses. 
Quantal delivery is of paramount importance if high 
concentrations of a drug are required for therapeutic 
efficacy, such as if the drug has a modest dosage that 
is effective in 50% of the subjects (ED50) or a short 
therapeutic lifespan due to metabolic instability.

Parent drug. We’ve noted that the design of photother-
apeutics has primarily focused on covalently modi-
fying existing drugs with a chromophore. However, a 
more ideal approach is the use of the unmodified par-
ent drug, such as a small molecule, peptide or protein. 
Appropriately designed carriers offer this opportunity, 
which have the potential to deliver a mixture of drugs. 
To date, there have been two general strategies that 
exploit the use of parent therapeutic agents; the photo-​
gatekeeper approach (Fig. 7), whereby channels for the 
entry or exit of compounds of interest are controlled 
by a light-​responsive molecular doorway, or, alterna-
tively, the photo-​disassembly approach (Figs 4f,6), which 
results in the destruction of the carrier and release of 
internal contents.

In summary, carriers offer several potential advan-
tages with respect to disease application, including 
the controlled distribution, metabolic protection and 
quantized delivery of the phototherapeutic agent

The phototherapeutic effect
The spatially targeted delivery and activation of a drug 
at a diseased site dominates the clinical rationale for 
phototherapeutics. Can focused drug delivery to the 
diseased site reduce the cardiotoxicity associated with 
doxorubicin, the cerebral haemorrhaging induced by tis-
sue plasminogen activator or the multitude of side effects 
caused by the long-​term use of dexamethasone? In short, 
the therapeutic promise of light-​activated drugs hinges 
upon the premise of enhanced efficacy and reduced tox-
icity. This premise can be validated by addressing two 
key questions associated with the use of light to target 
disease and the clinical benefits of the released drug in 
comparison with the parent drug.

Question 1. Can light be used to activate or release 
drugs at targeted diseased sites? Recently acquired data 
support the notion that spatial targeting is an estab-
lished property of phototherapeutics. For example, the 
light-​triggered NO generator 6 can be site-​specifically 
activated in vivo in a fashion that supports tumour sup-
pressive activity55. A key design element of this study 
was the implantation of two tumours (one in each flank) of 
the mouse model, thereby, providing an internal control 
(one tumour illuminated and the other kept in the dark).  
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Irradiation furnished confirmation of NO release via vis-
ualization of the BODIPY by-​product (7), which was not 
observed in the non-​illuminated tumour (Fig. 8). Second, 
several important control experiments were performed 
to establish that both light (700 nm) and 6 are neces-
sary for the desired therapeutic outcome: (1) vehicle 
control (that is, injection without phototherapeutic) in 
the absence of light, (2) vehicle control with light, (3) 
injected phototherapeutic without light and (4) injected 
phototherapeutic with light. These treatment regimens 
were repeated every other day over the course of a week. 
The tumour size in the experimental group (photo-
therapeutic + light) was half that of the control groups. 
Phototherapeutic 6 was not only taken up by the tumour 
but was found in the heart, liver, kidneys and spleen as 
well. This is not surprising, given the untargeted nature 
of the phototherapeutic. However, the animals did not 
suffer from any general signs of toxicity (weight loss or 
behavioural changes), indicating that, if 6 is metabolized 
in non-​illuminated tissue, the effect is non-​toxic.

The antibody–phototherapeutic conjugate 19 was, 
likewise, investigated for its antitumour properties, 
but, in this case, the potent cytotoxin duocarmycin was 
photochemically released67. The phototherapeutic 
was introduced by tail vein injection in tumour-​bearing 
mice. As expected, the antibody–phototherapeutic 
accumulated at the tumour, but it was also present in 
the bladder and liver. Photoactivation (780 nm) at the 
tumour site resulted in a decrease in tumour volume, as 
well as an increase in survival using moderate and high 
doses of phototherapeutic (Fig. 9). Controls included 
vehicle only, as well as treatment with phototherapeu-
tic 19, but no illumination. Interestingly, for the latter 

non-​irradiated control, a modest therapeutic effect was 
observed. It is unclear whether this was due to inadvert-
ent activation of 19 by ambient room light or through a 
pathway involving antibody–drug tumour uptake and 
metabolic drug release from the antibody.

Cobalamin scaffolds have also been used to deliver 
therapeutic agents in a targeted fashion in vivo79. RBCs 
containing the phototherapeutic 44 were tail vein 
injected into tumour-​bearing mice and the tumour sub-
sequently illuminated at 655 nm. Unlike the studies with 
the NO generator 6 and the antibody-​conveyed duocar-
mycin 19, the in vivo studies with the taxol derivative 
44 did not address the questions of tumour burden or 
animal survival. Rather, the experiments explored the 
immediate impact (<1 h) of taxol release on tumour 
blood vessel integrity. Acoustic angiography revealed 
uptake of contrast reagent by the tumour, consistent 
with the notion that taxol compromised blood vessel 
integrity within the immediate vicinity of the tumour. 
Controls included vehicle only (that is, unloaded RBCs), 
treatment with phototherapeutic but no illumination 
and illumination of a non-​therapeutic (45). The latter 
contains the Cy5 antenna, which can potentially act as a 
photodynamic agent, but is lacking the taxol derivative. 
Only 44 with illumination compromised tumour blood 
vessel integrity. A Cbl scaffold has also been used to trig-
ger the photohaemolysis of RBCs and, thereby, release 
protein therapeutics85 (Fig. 4f). In this case, a blood clot 
was site-​specifically triggered in the ear of mice via the 
release of thrombin (Fig. 10). Once again, dark/light, as 
well as empty RBCs, were used as controls to validate 
the absolute requirement for RBCs, the phototherapeutic 
and light.

In summary, experiments with long-​wavelength- 
responsive phototherapeutics have demonstrated the 
light-​triggered, in vivo site-​targeted release of therapeu-
tic agents, including gas molecules (NO and CO), small 
molecule cytotoxins and a protein. All of these studies 
incorporated key control experiments establishing that 
both the phototherapeutic and light are necessary to 
observe the anticipated biological impact.

Question 2. Does light-​targeted drug therapy pro-
vide a therapeutic benefit relative to treatment with the 
parent drug? This is a critically important question with 
respect to obtaining approval for clinical use. However, 
the inherent bias of this question ignores a potentially 
transformative attribute of phototherapeutics: the  
ability to salvage bioactive species that are simply too 
toxic for use as systemically delivered therapeutic agents. 
A few examples are highlighted in the previous section: 
NO (and CO), the incredibly cytotoxic duocarmycins142 
and thrombin. Indeed, the latter is a mediator of the 
extreme increased blood clotting observed in some 
COVID-19 patients143. In short, phototherapeutics not 
only offer the means to improve the therapeutic out-
come of existing drugs but also provide an opportunity 
to transform profoundly malicious or insufficiently 
effective agents into pharmacologically acceptable 
drugs. In this regard, phototherapeutics are the prospec-
tive descendants of Ehrlich’s magic bullet ideal, which 
serves as the conceptual framework for creating thera-
peutic agents with exemplary safety profiles. However, 

(+ irradiation)
Right tumour
(– irradiation)
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4 h
+ 5 mins
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Fig. 8 | In vivo photogeneration of NO. Photoacoustic tomography image of the NO 
generator 6 (Fig. 2) in the left and right tumours of a mouse model acquired before (top) 
and after (bottom) 5 min irradiation (left) or dark control (right). The enhanced photoacoustic 
signal in the irradiated left tumour (bottom left) is due to the formation of the by-​product 8 
(Fig. 2). Adapted with permission from ref.55, American Chemical Society.

Acoustic angiography
An imaging technique that  
uses ultrasound in combination 
with microbubbles as a 
contrast agent.
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demonstrating the ability to spatially deliver and/or tem-
porally control the action of a phototherapeutic is only 
a first step. These experimental results, no matter how 
impressive, will not sway the ‘key opinion leaders’43 that 
phototherapeutics represent a clinically viable technol-
ogy. What will be needed? First, it is critical that pho-
totherapeutics are applied to the right disease43. A few 
examples are discussed in Box 1. Second, key preclinical 
quantitative measures of efficacy, in the context of safety, 
are essential. However, these quantitative assessments do 
not exist in a vacuum. A comparison with the standard 
of care, with an emphasis on parent drugs, is a prerequi-
site in establishing phototherapeutics as a clinically via-
ble technology. What do these quantitative comparative 
assessments entail?

The therapeutic index (TI) is a key parameter that is 
an essential component of drug development144. The TI 
is furnished as a ratio; for example, the drug dose that 
induces toxicity in 50% of the subjects (TD50) divided 
by the drug dose that is effective in 50% of the subjects 
(ED50). A drug with a large TI has a good safety profile, 
indicating a small likelihood of an adverse response. 
However, with phototherapeutics, there are two forms 
of the drug: the dark (presumably inactive) precur-
sor and the light-​activated species. A ratio somewhat 
analogous to the TI that measures the phototoxicity 
of drugs is referred to as the phototoxic index. For 
example, this may take the form of the cytotoxicity 
(or, in general, bioactivity) of a drug in the dark versus 
that in the light (IC50(dark)/IC50(light)). A large phototoxic 
index is consistent with a strong light dependency for 
bioactivity145. Given the possibility that ambient light 
or metabolism may activate the phototherapeutic, it is 
not unreasonable to assume that a pharmacologically 
beneficial effect may be observed in the absence of illu-
mination (Fig. 9). We believe that it is critical to consider 
the potential pharmacological and toxicological effects 
of both the ‘dark/inactive’ and ‘light/active’ forms of 

the phototherapeutic, since both are present during the 
course of the therapy.

In addition to controlling when and where a drug is 
activated, light can be used to control the dosing regi-
men of the drug at the diseased site (for example, a single  
photo-​bolus release versus multiple light pulses over  
a given period of time). Indeed, the dosing regimen is a 
potentially critical parameter that could affect the safety 
profile. For example, photorelease of a rapidly metabo-
lized therapeutic agent from a carrier could have a more 
beneficial effect if it is intermittently released over time 
versus all at once. In addition to the dosing regimen, 
we’ve alluded to the possibility of metabolic activation 
or deactivation of phototherapeutics. Light-​activated 
drugs that are rapidly metabolized in the dark provide 
only a small window for phototherapy, whereas more 
metabolically robust agents offer longer term options. 
A detailed pharmacokinetics analysis will furnish 
insight into the time frame of the phototherapeutic 
window. Finally, a phototherapeutic designed to replace 
a conventional drug will not only need to demonstrate 
enhanced efficacy but also a mechanism of action that 
recapitulates the parent drug following photoactivation. 
Consequently, a detailed pharmacodynamics study is 
warranted as well.

Conclusions
The acquisition of long-​wavelength fluorophores and 
an array of imaging modalities have been combined to 
detect diseased targets deep within tissue146. However, 
light has been primarily limited for viewing (as opposed 
to modulating) in vivo biology and biochemistry, with 
PDT and optogenetics serving as notable exceptions. 
With the advent of long-​wavelength-​responsive drug 
delivery systems, in combination with breakthroughs 
in light delivery technology, it is now possible to use 
photons to perform well-​defined actions at the tissue, 
cellular and biochemical levels. Nonetheless, although 
promising, there are challenges that this emerging tech-
nology must address if clinical applications are to be 
realized:
1.	 Most photoresponsive scaffolds developed to date 

have been directly attached to drugs. However, not 
all drugs have readily accessible attachment sites. 
In addition, covalent modification of protein-​based 
therapeutics is non-​trivial, particularly from a man-
ufacturing perspective. We suspect that many (if not 
all) of the long-​wavelength scaffolds described in 
this Review can also find utility as light-​responsive 
gatekeepers on drug carriers.

2.	 Attention should be given to the creation of photo-
therapeutics that can be delivered via oral, sublingual 
or ocular routes. Although intravenous, intramus-
cular and subcutaneous injections are certainly 
appropriate for medical emergencies and other acute 
conditions, we envision that chronic diseases, involv-
ing patient self-​treatment, are best supported by more 
convenient delivery routes.

3.	 Additional light-​absorbing scaffolds in the opti-
cal window of tissue should be developed, with an 
emphasis on the acquisition of a palate of scaffolds 
that can be wavelength-​differentiated.

Initial

Vehicle

100 µg

10 µg + hν

30 µg + hν

100 µg + hν

1 day 2 days 4 days 7 days

Fig. 9 | In vivo photorelease of cyanine-caged cargo. Bioluminescence imaging of a 
luciferase-​containing tumour in mice receiving the following treatments: vehicle control 
(first row), 100 µg antibody–phototherapeutic 19/no light (second row), 10 µg antibody–
phototherapeutic 19/light (third row), 30 µg antibody–phototherapeutic 19/light  
(fourth row), 100 µg antibody–phototherapeutic 19/light (fifth row). The 30-​µg and 
100-µg treatments furnished a reduced tumour burden at day 7 relative to the vehicle 
control. See the narrative for a brief discussion of the beneficial effect observed with the 
phototherapeutic in the absence of light (second row). Adapted with permission from 
ref.67, American Chemical Society.
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Fig. 10 | Photohaemolytic trigger in RBCs. a | Depiction of a red blood cell (RBC) bearing a taxane–cobalamin conjugate (44), 
which results in the loss of blood vessel integrity79. b | Analogous experiments with RBCs containing a control (45) that 
lacks the taxane have no impact on the vasculature. c | RBCs containing the blood clotting enzyme thrombin (PDB-2HNT) 
(46) and a membrane-​appended photohaemolytic trigger (Fig. 4d–f). d–f | Following treatment, mice were sacrificed and 
tissue was stained and sectioned (RBCs in yellow, collagen in blue and fibrin in orange/red). Blood vessels contain collagen 
(blue stain) and are highlighted with white arrows. d | Treatment with 46 but tissue was not irradiated. RBCs are observed 
with empty space within the blood vessel, consistent with a healthy vasculature. e | Analogous observations are seen with 
mice treated with RBCs containing buffer and treated with light. f | Illuminated tissue from a mouse injected with 46 
displays the consequences of thrombin release: formation of the blood clotting protein fibrin (orange/red) and venous 
congestion (absence of empty space between RBCs and the vessel wall), consistent with the presence of a blood clot. 
Parts d–f adapted with permission from ref.85, American Chemical Society.
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4.	 Long-​wavelength-​responsive phototherapeutics with 
large εΦ values are potentially both a blessing and 
a curse. It is unclear what impact, if any, ambient 

light may have on the inadvertent activation of these 
agents. Consequently, it is critical to obtain a quan-
titative assessment of background drug release/ 
activation as a function of ambient light intensity 
(ranging from the equivalent of bright sunlight to a 
dimly lit room).

5.	 The pharmacokinetics of phototherapeutics will be 
required to address metabolic stability. Metabolic 
processing could render the phototherapeutic inac-
tive (for example, non-​responsive to illumination) 
and/or transformed to the active drug.

6.	 New long-​wavelength-​activated scaffolds should 
be thoroughly examined for toxicity. Fortunately, 
these scaffolds employ fluorophores (and closely 
related derivatives) that have been extensively stud-
ied in animal models. Indeed, indocyanine green, 
a dye structurally related to Cy5, is approved for  
human use.

7.	 Although we have emphasized the potential clini-
cal advantages of long-​wavelength-​responsive pho-
totherapeutics, it is important to acknowledge that 
short-​wavelength-​activated drugs may be of thera-
peutic utility as well. Perhaps the most obvious appli-
cation is where the diseased site is easily accessible 
(for example, the skin) and/or where deep tissue 
penetration is not necessary or potentially harmful. 
In short, to reiterate a point made earlier, “it is criti-
cal to take a disease-​based approach in the design of 
phototherapeutic agents”43.

More than a century has passed since Paul Ehrlich 
advocated for learning how to aim chemically at diseased 
sites. Ehrlich died in 1915, a decade before the discov-
ery of penicillin, three decades before streptomycin was 
given to the first patient with tuberculosis, seven decades 
before the approval of ivermectin for the treatment of 
river blindness and nine decades before the first protein 
kinase inhibitor found its way into the clinic. In each 
of these cases, the clinical experience is characterized  
by side effects due to undesired activity at otherwise 
healthy tissue, a common and potentially life-​threatening 
concern with many drugs. Phototherapeutics represents 
a novel variant on Ehrlich’s vision for aiming drugs at 
diseased sites, but with photons serving as the magic  
bullets to illuminate the path for therapeutic agents.

Published online 6 October 2021

Box 1 | Prospective applications of phototherapeutics

The ability to spatially target diseased sites with temporally controlled delivery of one or 
more therapeutic agents are attributes unique to phototherapeutics. Directed precision 
dosing has ramifications in nearly all areas of biomedicine, including acute, chronic, local 
and systemic diseases. A few examples of the biomedical applications of phototherapeutics 
are considered here, some of which are purposely intended to be provocative.

Metastatic cancer: phototherapeutics have long been advocated for use as cancer 
chemotherapeutics15,43. However, this objective has clinical relevance only if it improves 
upon the current standard of care. Cancers that have the most compelling need for  
a technological paradigm shift are metastatic and genetically heterogeneous148–150. 
Unfortunately, the absence of one or a few mutational drivers in these diseases 
advocates for the use of extremely toxic drug cocktails. The potential advantage  
of phototherapeutics is a greater safety margin than their conventional counterparts. 
Second, if feasible, most malignant solid tumours are removed by surgery. However, 
metastatic spread from the surgical site is a recognized phenomenon151. Light-​triggered 
drug activation at the tumour offers the ability to wage a vigorous therapeutic pre- 
surgery and/or post-​surgery campaign, with the goal of reducing or eliminating disease 
re-​emergence. Third, a therapeutic assault on a tumour liberates tumour-​associated 
antigens, which can potentially activate and locally educate CD8+ T cells to attack the 
parent tumour and metastatic lesions152,153. Unfortunately, the immunosuppressive 
tumour microenvironment interferes with T cell activation. Consequently, there is 
intense interest in developing strategies for the targeted delivery of immunomodulators 
to the tumour site153–155.

Rheumatoid arthritis (RA): RA is a chronic disease and, therefore, therapeutic 
administration is frequent and long term, which results in moderate to severe side 
effects156. It has been argued that “successful new therapies [for RA] need not only be 
efficacious with a good or improved safety profile but must also be formulated to allow 
for self-​directed administration by patients”157. Phototherapeutics could allow patients 
to control when and where the drug is delivered by using hand-​held light sources158.

Microbial infections: it is estimated that nearly 36,000 Americans die each year  
from drug-​resistant microbes159,160. Although the major cause of death is from systemic 
disease (multisite or whole body), treating localized infections with systemically 
delivered drugs has exacerbated the problem of drug resistance. Spatially localized 
infections include those found in surgical wounds, burns, diabetic ulcers, soft tissue  
(for example, the notorious necrotizing fasciitis or ‘flesh-​eating disease’), the urinary 
tract, periodontal tissue, the gastric mucosa (for example, peptic ulcer disease and 
gastric cancer) and the nasal passage (sinusitis)161. A vigorous photoantimicrobial 
intervention on a spatially localized infection could reduce serious side effects and 
prevent the disease from becoming systemic.

Disorders of the vasculature: stroke is second only to heart disease as the leading cause 
of death in the world162. Nearly 90% of all strokes are due to the formation of a blood clot 
in the brain, and the only pharmacological therapeutic approved as a thrombolytic agent 
for stroke is a recombinant version of tissue plasminogen activator. Unfortunately, there 
are serious side effects, which include life-​threatening cerebral haemorrhages and 
life-​altering neurotoxicity. Consequently, there is intense interest in identifying 
technologies that activate tissue plasminogen activator only at the thrombus site163,164.
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