
Photochemistry

Bioorthogonally Assisted Phototherapy: Recent Advances and
Prospects

Eszter Kozma, Márton Bojtár, and Péter Kele*

Angewandte
ChemieMinireviews
www.angewandte.org

How to cite:
doi.org/10.1002/anie.202303198

Angew. Chem. Int. Ed. 2023, e202303198 (1 of 11) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angewandte
Chemie

http://orcid.org/0009-0009-2447-7683
http://orcid.org/0000-0001-8459-4659
http://orcid.org/0000-0001-7169-5338
https://doi.org/10.1002/anie.202303198
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202303198&domain=pdf&date_stamp=2023-05-24


Abstract: Photoresponsive materials offer excellent spatiotemporal control over biological processes and the emerging
phototherapeutic methods are expected to have significant effects on targeted cancer therapies. Recent examples show
that combination of photoactivatable approaches with bioorthogonal chemistry enhances the precision of targeted
phototherapies and profound implications are foreseen particularly in the treatment of disperse/diffuse tumors. The
extra level of on-target selectivity and improved spatial/temporal control considerably intensified related bioorthogonally
assisted phototherapy research. The anticipated growth of further developments in the field justifies the timeliness of a
brief summary of the state of the art.

1. Introduction

Lately, enormous effort has been undertaken to exploit light
as an external trigger in chemical and biological sciences.
These efforts have brought remarkable advances in light-
related techniques allowing them to grow from simple
means of observation to a precision tool in a wide range of
applications.[1–3] The use of light as an external trigger has
also resulted in the emergence of several phototherapeutic
approaches, which are foreseen to have profound implica-
tions on targeted therapies.[4–6] These photoactivated thera-
pies offer excellent localization-precision in case of localized
solid tumors. Selective treatment of dispersed/diffuse tumor
cells, especially when spread to several different locations in
the body, is however, an enormous challenge, which high-
lights the need for advanced targeting mechanisms.[7,8]

Toward the ultimate goal of reaching selectivity for cancer
cells, the combination of light with bioorthogonal targeting
is notable. Recently, an increasing number of examples was
reported on bioorthogonalized photoresponsive species
where the bioorthogonal step facilitates selective targeting
of a photoresponsive unit to the vicinity of cancer cells. In
certain instances, however, the role of the bioorthogonal
reaction goes way beyond this and has an added feature of
activating the photoresponsivity upon ligation allowing to
gain even higher spatiotemporal control over light-triggered
processes. Since very thorough, excellent summaries on the
particular phototherapeutic approaches[9–12] as well as on
bioorthogonal tools[13–15] were published recently, we discuss
these just briefly and focus on examples where photo-
responsivity is modulated in the bioorthogonal step.

2. Phototherapeutic modalities and
bioorthogonality

2.1. Making light toxic

Phototherapies rely on the use of photoactive molecules that
respond variously to light irradiation. The particular modal-
ity of the phototherapeutic approach depends on the path-
way these photoactive species undergo to release the excess
energy of their respective excited states.

Photodynamic therapy (PDT) is a non-invasive form of
light therapy that has played a significant role in dermatol-
ogy for several decades and receiving increasing attention in
gynecology and oncology related treatments.[10,16–20] In PDT,
light irradiation converts a photosensitizer (PS) from a
singlet ground state (S0) to an excited triplet state (T1) via
intersystem crossing from an excited singlet state. In T1, the
PS can undergo electron transfer (type I) or energy transfer
(type II) processes leading to the production of various
reactive oxygen species (ROS) (Figure 1).

These reactive species (radical anions O2
*� , HO* or

singlet oxygen, 1O2) cause photodamage of biological
molecules resulting in necrosis and/or apoptosis of light-
exposed diseased cells/tissues.[16,21] Amongst phototherapeu-
tic modalities PDT is the most advanced that has already
reached clinical application.[10] Its successful translation to
medicine has also resulted the availability of advanced light
delivery technology that can be directly applied to further
phototherapies.

Photothermal transduction agents (PTTAs) convert
photonic energy into thermal energy through non-radiative
decay.[22] This feature is harvested in photothermal therapy
(PTT),[10,23] photoacoustic imaging (PAI) and photoacoustic
therapy (PAT).[24] Following excitation of a PTTA by light at
wavelengths corresponding to the resonant energy of the
PTTA, its conduction-band electrons start to oscillate
synchronously resulting in the production of heat leading to
substantially elevated local temperatures sufficient to cause
cellular damage and subsequent tumor regression.[23] In
photoacoustic applications the temperature increase is
followed by a pressure rise through instant thermoelastic
expansion.[25,26] The pressure induced acoustic wave is
propagated through the tissue and detected as a photo-
acoustic signal. PAT is utilizing the enhanced photoacoustic
wave generated by pulsed laser irradiation accumulated in
the tumor tissue.[27] The mechanic damage to the target cells
is free from side effects of chemotherapeutics and not
restricted to oxygen perfused tumors such as PDT.
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Photoactivated chemotherapy (PACT) combines some of
the beneficial effects of external radiation therapy and
internal chemotherapy of cytotoxic drugs. Masking the
activity of chemotherapeutic drugs with photolabile protect-
ing groups (PPGs) is a promising solution for oxygen-
independent phototherapy.[5,11,28] Light-induced removal of

these photolabile moieties from the prodrugs by light
irradiation leads to liberation of the cargo thus the activity
of the caged substrate restores.[12,29] Clinical translation of
PACT, however, is still hindered by the lack of suitably
hydrophilic PPGs activatable in the biologically benign red
or near-infrared (NIR) range, although considerable advan-
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Figure 1. Schematic representation of bioorthogonally assisted phototherapies (PDT: photodynamic therapy, PACT: photoactivated chemotherapy,
PTT: photothermal therapy, PAT: photoacoustic therapy).
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ces have been made recently, for example by the develop-
ment of two-photon photocages.[11,30,31]

2.2. The bioorthogonal “click-bait”

The Nobel-prize winning idea of using non-native, highly
energetic, yet non-interfering, i.e., chemically and biolog-
ically inert functions to achieve biocompatible, selective
ligation methods has revolutionized the field of chemical
biology.[32] Within the last two decades, several reports have
demonstrated how bioorthogonal chemistry can assist
selective targeting of probes or drugs even in vivo.[13–15,33]

Unlike conventional, synthetic biology-based approaches
that allow selective tagging or targeting of proteins, bio-
orthogonal methods also enable selective modification of
biomolecules e.g., nucleic acids, lipids, sugars, small metabo-
lites, ligands etc. that are not directly encoded in the
genome.[34–36] In the context of phototherapies, bioorthogo-
nal chemistry tools are mainly applied for the selective
delivery of a photoresponsive unit to the target area e.g., in
combination with antibodies, small molecular ligands or
metabolic engineering. Some improvements, however, have
gone beyond this and furnished the bioorthogonal step with
the extra feature of modulating the photoresponsivity. Such
on-site activation of the light responsive elements is based
on the changes in the photoresponsivity at a certain wave-
length of light as a result of conformational, electronic etc.
changes triggered by the bioorthogonal ligation step. The
concept is projected to allow pre-targeting based ap-
proaches, where the tumor cells are first targeted with a
specific targeting moiety (e.g., antibody) tagged with a
bioorthogonal handle, then, following accumulation, a
quenched photoresponsive element, bearing the comple-
mentary bioorthogonal motif is administered.

3. Combining phototherapeutic modalities with
bioorthogonality

3.1. Bioorthogonally aided photosensitizers of reactive oxygen
species

The extensive research on bioorthogonally applicable fluo-
rogenic probes have pointed out that similarly to
fluorescence, photoresponsivity of some particular cores can
also be transiently quenched by certain bioorthogonal
functions i.e., the azide or tetrazine motifs.[37–42] Once these
bioorthogonal motifs participated in a bioorthogonal liga-
tion reaction (e.g., with a functionalized pre-targeting
vehicle), the photoresponsive unit becomes active again.
Besides the reinstated phototherapeutic modality,
fluorescence of such systems also increases considerably,
enabling parallel imaging of the probes as well.

Boron dipyrromethene (BODIPY) is widely used as a
fluorescent core and as a PS with enhanced triplet state
quantum yield.[43] Based on BODIPY-tetrazine fluoro-
gens,[39] Vázquez and co-workers prepared BODIPY-tetra-

zine PSs that can be activated via inverse electron-demand
Diels–Alder (IEDDA) reaction between a 1,2,4,5-tetrazine
and norbornene as the dienophile.[44] The authors prepared
an iodinated BODIPY-derivative (1) with a directly con-
jugated tetrazine unit (Figure 2a). The tetrazine quenched
the PS through an excited state energy transfer process from
the BODIPY to the tetrazine unit. This results in an efficient
T1!S0 transition that proceeds through the tetrazine via a
nonradiative decay channel with markedly decreased ROS
production. Once the IEDDA reaction took place, this
relaxation pathway is no longer available, which leads to
increased ROS sensitization properties (i.e., ΦΔ=0.22 for
the tetrazine vs. 0.51 for the pyridazine). In case of the
pyridazine product, a ten-fold decrease in the IC50 value was
observed upon light irradiation (IC50 1.92 μM (tetrazine) vs
0.212 μM (pyridazine)), enabling PDT on HeLa cells with
metabolically bioorthogonalized DNA using 5-vinyl-2’-deox-
yuridine (VdU) (Figure 2a). Active targeting of overex-
pressed receptors (e.g., with aptamers, antibodies peptides
or folates) enable precise delivery of PSs to tumor sites.[45]

Nevertheless, these conjugates are moderately taken up by
normal cells as most cancer-associated receptors are not
solely expressed on cancer cells. To circumvent this prob-
lem, dual receptor targeting was applied by Ng et al.[46] In
their recent work, a biotinylated BODIPY-tetrazine deriva-
tive (2) was internalized concurrently with a BCN-conju-

Figure 2. Schematic illustration of mechanism of action (a) and
structure (b) of BODIPY-based activatable photosensitizers.
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gated epidermal growth factor receptor (EGFR)-targeting
cyclic peptide. Only in cancer cells overexpressing both
receptors (e.g., A549 human lung carcinoma cells) the two
compounds underwent an IEDDA reaction leading to
increased photodynamic activity of the BODIPY core and
nearly full ablation of cancer cells after light irradiation. The
same group implemented an active targeting approach using
biotin receptor positive cancer cells (HeLa) and a trans-
cyclooctene (TCO)-conjugated biotin as a pretargeting
element for subsequent reaction with their BODIPY-
tetrazine, 3 PS.[47] Upon irradiation with λ>515 nm light,
high cytotoxicity was observed with an IC50 value of 170 nM,
while no appreciable toxicity was detected in the dark. A
derivative of 3 with extended π-conjugation system was also
prepared. This distyryl boron dipyrromethene (DSBDP)-
based PS (4) was also equipped with two triethylene glycol
side-chains to enhance hydrophilicity.[48] Although the sensi-
tizing potential of this red-shifted compound (λabs=610 nm)
was not significantly quenched by the tetrazine unit,
pretargeting A431 cells with EGFR substrate TCO-GE11
peptide conjugate, with subsequent irradiation resulted in
increased cytotoxicity compared to non-pretargeted cells,
which was attributed to the enhanced permeability of the
PS. This latter example also highlights the limitation of
tetrazine-based modulation of photoresponsivity in case of
frames with absorption over 550 nm, as observed by us and
others in case of fluorogenic probes.[40,41] To address the
wavelength limitation, Xiong and co-workers made a π-
extended BODIPY scaffold with chemically quenched
photoresponsivity in its bioorthogonal motif containing ester
form (5).[49] The ester was found to readily degrade to a
photoactive carboxylate form through the self-immolation
process triggered by the reaction of a novel bioorthogonal
motif, isonitrile with a tetrazine. They have demonstrated

the viability of this design by reinstating the ROS generating
activity of their isonitrile-PS upon reaction with tetrazine-
tagged cancer cells.

Further attempts to hijack the limitations of tetrazine-
based quenching triggered the exploration of various
alternative mechanisms. Rhodamine derivatives with chalc-
ogen replacement in the 10-position (such as selenorhod-
amines—SeR) are ideal candidates for PDT with good
water-solubility, high absorption coefficient and singlet oxy-
gen quantum yield.[50] Spirocyclization of rhodamine deriva-
tives is a well-known feature that was exploited in the design
of fluorogenic probes, fluorescent chemosensors and activat-
able PSs.[40,51,52] These derivatives are colorless in their
spirocyclic forms thus cannot generate ROS. Liu and co-
workers took advantage of the electronic effects of certain
substituents that shift the equilibrium of the spirocyclization
process. Their design included a π-extended, red-absorbing
Se-rhodamine (SeR-azide, 6) carrying a masked amine in
the form of an azide. The electronic properties of the azide
locked the SeR in its colorless form (Figure 3a).[53] When the
azide was unmasked to its respective amino derivative in a
Staudinger reaction with triphenylphosphine derivative
(TPP), the photoactive, open form became dominant. Such
bioorthogonal reaction-based activation of the sensitizing
property allowed efficient 1O2 production (ΦΔ=0.35) upon
red light (610 nm) illumination. Such use of SeR-azide was
demonstrated in TPP- and light-induced apoptotic cell death
of HeLa cells.

Fluorogens with aggregation-induced emission (AIE-
gens) represent another approach of activatable PSs.[54,55]

AIEgens are characterized by their virtually zero emission
in their molecularly dissolved state but emit strong
fluorescence when aggregated due to suppression of non-
radiative relaxation pathways by restricted rotation. Besides

Figure 3. Activatable photosensitizers based on a) selenorhodamine, b) aggregation-induced emission and c) iridium(II)-polypyridine complexes.

Angewandte
ChemieMinireviews

Angew. Chem. Int. Ed. 2023, e202303198 (5 of 11) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202303198 by H

A
S R

esearch C
entre for, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



their fluorogenic potential certain AIEgens are also prone
to ROS generation under light illumination. Prompted by
these, the Liu group developed tetraphenylethylene derived
PS precursors (TPET, TPETSAI) with appending cyclo-
octyne, (BCN) (7) or terminal alkyne (8) function,
respectively.[56,57] Cancer cell lines (4T1 or HeLa) were
metabolically tagged with azide functions in their surface
glycans using azide-tagged unnatural sugars Ac4ManNAz or
AzAcSA, respectively. Upon treatment of the azide tagged
cells with TPET-BCN (7) or TPETSAI-alkyne (8) the
bioorthogonal reaction (strain-promoted azide-alkyne cyclo-
addition—SPAAC or copper-catalyzed azide alkyne cyclo-
addition—CuAAC, respectively) brought the probes into
close proximity, leading aggregation of the probes to result
in increased photoresponsivity both in terms of fluorescence
and ROS sensitizing ability (Figure 3b).

Transition metal complexes have long-lived triplet states
that render them efficient 1O2 PSs.

[58,59] Lo and co-workers
explored the modulation of the sensitizing ability of iridium-
(III) polypyridine complexes (9) by an appended nitrone
bioorthogonal motif.[60] The nitrone participates in strain
promoted alkyne-nitrone cycloaddition (SPANC) with a
SNAP-tag substrate BCN-benzylguanine (BCN-BG). The
authors expressed SNAP-tagged fused endoplasmatic retic-
ulum (ER)-targeting protein and cytoplasm-enriched
SNAP-tag in Chinese hamster ovary (CHO)-K1 cells.
Following treatment of the cells with BCN-BG then with
nitrone-quenched complexes the authors reported enhanced
phototoxicity (IC50=0.34 μM at 365 nm, 30 min) compared
to non-pretargeted transfected (IC50=20.9 μM) or pretar-
geted non-transfected cells (IC50=19.5 μM) (Figure 3c).

Nanomaterials have been widely adopted to several
light-assisted therapeutic applications.[6,61,62] Their bioorthog-
onally controlled activation, however, requires different
approaches. Tumor-targeting nanoparticles are generally
prepared by adjusting physical properties or by conjugation
of bioactive molecules. However, the limited number of
cellular receptors and heterogeneity of tumor tissues limit
their applications. Delivery of the bioorthogonal reaction
partner to cancer cells via enhanced permeation and
retention (EPR) effect is an effective method as described
by Kim et al. in 2014.[63] EPR effect is responsible for the
accumulation of nanoparticles (NP) into tumor tissues
through passive or active transport.[64–67] Yang et al. took
advantage of EPR effect when intravenously administered
Ac4ManNAz encapsulated in poly(ethylene glycol)-block-
polylactide nanoparticles (Az-NP) into A549 tumor-bearing
mice to introduce site-specific azide-groups onto the surface
of tumor cells.[68] They performed a second intravenous
injection using acid responsive nanoparticles (S-NPs) doped
with dibenzocyclooctyne (DBCO) equipped chlorin e6
(Ce6-DBCO). The acidic microenvironment of the tumor
site led to the disassembly of the NPs exposing DBCO-Ce6
that could then be anchored to the surface of tumor cells by
SPAAC. Light irradiation resulted in tumor growth inhib-
ition as guided by fluorescence and T2-weighted MR dual-
modal imaging. Tumor selectivity can be further improved
by bioorthogonal assembly of drug cargos.[69] In general, two
nanoparticles bearing complementary bioorthogonal groups

are taken up by EPR and react at the tumor site further
localizing the PDT effect. Yu et al. prepared a polymeric
proteolysis targeting chimera (POLY-PROTAC) targeting
bromodomain BRD4.[70] The authors assembled a tumor-
localized drug cargo from DBCO-NP and azide-POLY-
PROTAC-NP filled with PS pheophorbide A copolymer.
Inside the MDA-MB-231 breast cancer tissue multiple
triggers (extracellular matrix metalloprotease 2 enzyme,
intracellular acidic pH and GSH) liberated PROTAC and
PS (Figure 4). While PROTAC realized antitumoral bromo-
domain BRD4 proteolysis, laser irradiation at 671 nm
generated PDT effect which resulted in significant tumor
regression.

3.2. Bioorthogonally activated photothermal transduction
agents

As far as we are aware, no example for bioorthogonal
modulation of PTT activity is reported yet. However, there
are a few examples to use bioorthogonal chemistry to deliver
PTTAs more efficiently to cancer cells. Yao et al. developed
a DBCO-modified nanocomposite system (DLQ/DZ) to
deliver doxorubicin (DOX) and PTTA zinc phthalocyanine
(ZnPc) for chemo-photothermal therapy.[71] Tumor cell sur-
face was modified via intratumoral injection of Ac4ManNAz
into MCF-7 tumor bearing mice. Subsequent i.v. injection of
DLQ/DZ allowed SPAAC reaction leading to enhanced
tumor-specific distribution (4.6× increase) resulting in a
96.1% tumor inhibition rate. Huang and co-workers com-
bined PTT with NIR-IIa (1000–1700 nm) imaging in a
theranostic platform.[72] The authors synthesized a semi-
conducting polymer nanoparticle PTTA (PSQNP) equipped
with a DBCO bioorthogonal handle. Colorectal cancer cells
CT26 were labelled with azide via metabolic glycoengineer-
ing and reacted with PSQNPs-DBCO resulting in 71.7% cell
toxicity, however, with significant toxicity (45.8%) in the
absence of light (1064 nm) as well. Cai and co-workers
combined metabolic azide labeling with immune cell mem-
brane recognition strategy for site-specific cancer local-
ization (Figure 5).[73] They coated widely used PTTA indoc-

Figure 4. Schematic illustration of POLY-PROTAC nanoparticles for
tumor-specific protein degradation and PDT (adapted from Ref. [70]
with permission. Copyright © 2022, The Authors, Published by
Springer Nature).
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yanine green nanoparticles (INP) with azide-labelled T cell
membrane (N3-TINP) (Figure 5a). In in vitro experiments
N3-TINP selectively targeted Raji tumor cells which were
tagged glycometabolically with Ac4ManN-BCN. Translo-
cated T cell membranes target tumor tissues through
retained immune recognition receptors with 1.5-fold
enhancement due to bioorthogonal reaction between the
azide and BCN. BCN-tagged tumor-bearing mice were
injected i.v. with N3-TINP, followed by laser irradiation at
808 nm. The authors noticed higher temperature increase
(ΔT=17 °C) and distinct tumor elimination with no relapse
during the treatment (Figure 5b–d).

Xing et al. assembled a tumor targeting nanoagent based
on zinc(II) phtalocyanine with DBCO handle (DBCO-
ZnPc-LP).[74] Passive targeting of A549 tumor cells with
Ac4ManNAz nanomicelles in nude mice was followed by a
SPAAC labelling with DBCO-ZnPc-LP. Under 808 nm NIR
light, not only could this agent produce cytotoxic heat
(photothermal conversion efficiency of 44%) but it also
generated an ultrasound shockwave, which resulted in cell
damage (cell viability 35%) and in vivo tumor regression.
Moreover, DBCO-ZnPc-LP served as a contrast agent for
photoacoustic detection of tumor cells.

3.3. Bioorthogonally assisted photoactivated chemotherapy

Despite the several examples in bioorthogonally modulated
PSs in PDT applications, bioorthogonally modified PPGs

are rare. In fact, to the best of our knowledge, the only
example that employs direct activation of photoresponsivity
by a bioorthogonal step was presented by our group in
2020.[75] In this example, we took advantage of the tetrazine
moiety that can efficiently quench the excited states of
coumarins through non-radiative pathways to allow the
design of a conditionally activatable photocage that can
respond to blue light following a bioorthogonal ligation step
via IEDDA. We have demonstrated that the bioorthogo-
nally applicable tetrazine motif disables the photoresponsiv-
ity of the coumarin photocage, carrying various payloads
(e.g. 10, Figure 6a). Once the tetrazine participated in a
bioorthogonal ligation reaction (e.g., with BCN-functional-
ized mitochondria targeting triphenylphosphonium—TPP),
the photocage becomes photoresponsive and cleavable by
light. Such conditionally activatable photo-decaging was
demonstrated in live A-431 cells using confocal microscopy
through the release of a fluorogenic payload in response to a
bioorthogonal reaction and light.

Contrary to the previous examples where the bioorthog-
onal step activated the photoresponsivity, novel approaches
rather rely on the prior photoactivation of bioorthogonal
functions.[1,76] Photoclick chemistry refers to a set of click
reactions that are activated upon light irradiation. Combina-
tion of photoclick reactions with so-called click-to-release
mechanisms could in theory result in light-assisted control of
drug release via the photoactivation of bioorthogonal
function.[77,78] In click-to-release reactions the prodrugs are
transiently disabled by a bioorthogonal function (i.e., a

Figure 5. In vivo PTT by Cai et al.[73] a) Schematic illustration of dual tumor targeting. N3-TINPs are filled with ICG-PLGA polymeric cores and
coated with extracted azide-tagged T cell membrane (ICG: indocyanine green, PLGA: poly(lactic-co-glycolic acid). Tumor cells are tagged
metabolically with Ac4ManN-BCN. N3-TINPs target tumor cells through immune recognition of T cell membrane and bioorthogonal SPAAC reaction
between azide and BCN. b) Elimination of Raji tumor from mice models on representative photos and extracted tumors after 16-day treatment
(controls: INPs: ICG loaded in PLGA-lipid nanoparticles, TINPs: ICG loaded in PLGA-T cell membrane nanoparticle); c) Raji tumor growth curves
(n=5); d) Infrared thermal images of tumor-bearing mice (laser irradiation at 808 nm) (adapted from Ref. [73] with permission. Copyright © 2019
The Authors. Published by WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim).
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release TCO (rTCO) or a click-to release tetrazine
(crTet)).[79,80] Such bioorthogonal cleavage reactions are
widely used, and already the subject of clinical trials for
advanced solid tumors and non-Hodgkin lymphoma.[81,82] In
a recent report, Devaraj and co-workers demonstrated light-
assisted tetrazine activation from caged dihydrotetrazines
(11, Figure 6b).[83] Photocaging prevented oxidation of
dihydrotetrazine to tetrazine rendering it inactive in IEDDA
reaction with dienophiles. The caging group was rapidly
removed by 405 nm LED light irradiation allowing sponta-
neous formation of tetrazine in the cellular environment.
The in situ formed tetrazine was able to react with a rTCO-
caged doxorubicin. The blue light-controlled activation of
cytotoxic effect on Hep 3b human liver cancer cells with an
57% loss of cell viability, which was comparable to the
effects of doxorubicin alone.

In 2021, Yu et al. reported a fluorogenic photoclick-to-
release system, adding a new light-controlled element to
existing click-to-release strategies.[84] They demonstrated
that the photoclick reaction between a monoarylsydnone
and phenoxylfumarate initiated by 405 nm light irradiation
leads to the formation of fluorogenic pyrazole and subse-
quent release of phenoxyl cargo. Further to this, in 2023, Liu
et al. described a cyclopropenone-caged strained alkyne
precursor which was unmasked by UV light to react with

dienones with an accompanied release of carbon-monoxide
followed by cancer cell cytotoxicity.[85]

3.4. Bioorthogonally activated combination phototherapies

In PDT, the cytotoxic effect of the PS is highly dependent
on the concentration of oxygen. However, many tumors,
especially solid tumors, are rather poorly vascularized there-
fore are hypoxic, limiting the use of PDT.[86] This serious
limitation prompted the development of multimodal photo-
therapies assisted by bioorthogonal reactions. In 2022, Sun
and co-workers detailed a multifunctional photochemother-
apeutic molecule with four different synergistic functions.[87]

In their design, the push-pull chromophore, 2,1,3-benzo-
thiadiazole (BTD) a known PS and fluorescent reporter
served as a core. The appending nitro group at position 5
quenches the fluorescence of BTD via PET and also serves
as a nitrite-donor for bioorthogonal SNAr reaction with
dithiol-tagged β-galactosamine (Gal-SS). The design also
included a chloropropylamine motif to effect ER targeting.
The click-to-release reaction with Gal-SS led to the elimi-
nation of a TRPV1 agonist, nonivamide from position 4 and
converted the quenched BTD to an efficient sensitizer of
ROS. Concomitant release of NO2

� induced the production
of reactive nitrogen species, which together with the ROS
resulted in serious distress in the ER.

Wu et al. combined chemo-and photothermal therapy
for tumor inhibition.[88] They prepared a campthotecin-vinyl
ether prodrug encapsulated within phospholipid liposomes.
The chemotherapeutic can be released in a bioorthogonal
bond cleavage reaction with tetrazine. An interesting work
of You and co-workers presented PTT and PDT with
concurrent photocatalysis, in tumor cells using heteroge-
neous copper nanoparticles.[89] In their setup, mesoporous
carbon nanospheres doped with Cu nanoparticles induced
the generation of ROS under 808 nm light with simultaneous
increase in local temperature (ΔT�20 °C). The authors took
further advantage of the concurrent Cu0!CuI conversion to
catalyze a CuAAC reaction to assemble a resveratrol-
mimetic derivative.

4. Summary and Outlook

The above examples aim to provide the readers with an
overview of very recent developments in the field of
bioorthogonally activated photoresponsivity in the context
of phototherapies. Not discussed above is the fluorogenic
nature of bioorthogonally activated photoresponsive species,
which can be exploited in theranostic applications. These
fundamental, bottom-up studies are useful to have a clear
picture of the modulation strategies such bioorthogonal
transformations can inflict on the photophysical properties.
Often, especially in the therapeutically optimal red/NIR
range, the bioorthogonal modulation effect is diminished,
which either triggers smart solutions or limits the application
of biorthogonality to simple targeting. Notable smart
solutions are the approaches that rely on the photocon-

Figure 6. Schematic illustration of modulatable a) photoresponsivity
and b) bioorthogonality.
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trolled activation of bioorthogonal functions, such as
photocaged tetrazines or recent results on photocatalytically
activated tetrazines.[83,90] These are especially promising
approaches in combination with drugs disabled by a
cleavable complementary bioorthogonal function.

However, the significance of bioorthogonally assisted
phototherapies must be carefully evaluated. The limited
photo- and/or physiological stability of bioorthogonal
quencher moieties i.e., the azide and the tetrazine can lead
to their degradation, and consequently to the premature
activation of the appending photoresponsive unit.[91–93]

Complications may also arise from the need for dosing the
complementary bioorthogonal function. In this respect, the
stability of TCO derivatives should also be carefully
evaluated.[94,95] To avoid off-target activation novel innova-
tive chemical solutions are required. Furthermore, the
difference between the photoactivated performance of the
disabled and armed forms should be weighed to judge the
advantages of pretargeting based ligation-dependent modu-
lation methods over simpler preassembled constructs. For
these considerations it is also important to find the right
applications for bioorthogonally assisted phototherapies.
Since light itself provides an excellent means of spatiotem-
poral control in case of non-operable, isolated tumors, one
such area where bioorthogonally activated phototherapeu-
tics are envisioned to find useful application is the treatment
of diffuse/disperse tumors, especially when spread to a larger
area.

To unleash the full potential of bioorthogonal chemistry
assisted phototherapeutics, however, a paradigm shift is
needed to switch from chemistry-driven applications to
disease-based approaches. As discussed by others,[4,5,12]

successful translation of novel technologies require the clear
identification of the right indication—a wisely selected
disease with a discernible clinical relevance. Importantly,
not only should such “therapeutic argument” entail an
acknowledged need for new therapies but must also be
made on the basis of the enhanced selectivity of the
combination of bioorthogonal chemistry and light irradia-
tion—while also meeting the obvious physical and biological
requirements of the technology (i.e., light accessibility,
presence of a targetable feature etc.). Based on the success
of photoimmunotherapy,[96] it is also important to mention
the potential synergistic immune-enhancing effect of photo-
therapeutics, especially PDT, which can significantly con-
tribute to survival through the eradication of disseminated
tumor cells. Nevertheless, the understanding of the under-
lying chemistry and photophysics will certainly facilitate the
translation of these concepts to an actual therapeutic modal-
ity as well as provide the chemical biology community with
unique tools possessing remarkable selectivity.
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Bioorthogonally Assisted Phototherapy: Re-
cent Advances and Prospects

Phototherapeutic approaches combined
with bioorthogonal chemistry are ex-
pected to significantly improve the spa-
tiotemporal precision of targeted thera-
pies. As a result, related bioorthogonally
assisted phototherapy research has re-
cently intensified. This minireview briefly
discusses the latest developments in the
state of the art.

Angewandte
ChemieMinireviews

Angew. Chem. Int. Ed. 2023, e202303198 © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202303198 by H

A
S R

esearch C
entre for, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


