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Derivatising biomolecules like monoclonal antibodies with drugs or imaging agents, whilst preserving
their bioactivity, is a challenging task. Protein functionalisation ideally requires methods that operate
under mild conditions, are rapid, efficient (high vyielding), chemoselective or site-specific, and
importantly, non-denaturing. A broad collection of thermally mediated reagents for direct labelling using
protein-based reactivity, or bioorthogonal strategies, has been developed, but arguably the most
exciting opportunities lie in the application of photochemistry to create new covalent bioconjugate
bonds. With current chemical methods for auxochromic tuning of the spectral features of photoactive
groups, and with cheap, high-powered light-emitting diodes with precise emission properties, it has
never been easier to explore the use of light-induced chemistry for making protein-based bioactive
molecules. In biomedicine, the nature of the covalent bond to the protein can have a dramatic impact
on the physicochemical properties and performance of the protein-conjugate. Photochemical methods
provide access to new types of covalent linkages on protein with the potential to fine-tune biological
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interactions, leading to improvements in target uptake, binding specificity, metabolic processing, and
washout kinetics in vivo. This perspective/review highlights recent advances in the development of
DOI: 10.1039/d4cc06529h photoactive reagents for protein labelling. We also discuss the experimental conditions and critical

requirements to implement light-induced synthesis of functionalised protein-conjugates in aqueous
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Introduction

The synthesis of functionalised proteins plays a central role in
modern biochemical technologies and in new medicines.'”
For example, antibody-drug conjugates (ADC), and monoclonal
antibodies (or related fragments) labelled with fluorescent
tags or radioactive payloads underpin state-of-the-art develop-
ments in diagnostic imaging and molecularly targeted (radio)
therapies.*” Bioconjugation chemistry - the ability to form new
covalent bonds to protein - lies at the core of these
technologies.®® Traditional methods for labelling proteins
include the use of reagents featuring activated esters like
N-hydroxysuccinimide (NHS), or benzyl-iso(thio)cyanates
(Bn-NCS) that react with the primary &-NH, side chain of lysine
residues.” Other common examples include chemoselective
derivatisation of free sulfhydryl groups on cysteine residues
by using reagents that present Michael acceptors like malei-
mides. Several site-specific enzyme-mediate processes, as well
as bioorthogonal reaction pairs, have also been developed to
increase control over the chemical composition of the
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functionalised protein.’®"* Others have also explored Ni metal

ion"*'* mediated bioconjugation and protein tagging using Au-
complexes.'” These thermally mediated bioconjugation strate-
gies work well and have led to over 13 clinically validated ADC
(and 3 more expected to be approved by FDA in 2025)'® agents
as well as countless examples of fluorescent probes for bio-
chemical analysis in microscopy and related methods, and an
increasing number of radiolabelled antibodies for nuclear
imaging with positron emission tomography (PET) and radio-
immunotherapy (RIT)."”

When developing new bioconjugation methods to functio-
nalise proteins, a mandatory requirement is to retain the
biological integrity of the protein. In practice, this requirement
is challenging to fulfil because biomolecules like monoclonal
antibodies (mAbs) can be highly sensitive to changes in their
physicochemical properties. Fast reaction rates are also ideal
for bioconjugate chemistry to ensure efficient and high-yielding
reactions when working with protein at low (nano-to-
micromolar) concentrations. Many classic bioconjugation
methods are relatively slow and incompatible with protein
formulation buffers. Employing most classic bioconjugation
methods requires pre-processing of the protein sample to
alternate conditions that favour the functionalisation step,
but this often destabilises the protein leading to denaturation

This journal is © The Royal Society of Chemistry 2025
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or aggregation. Modern enzymatic methods can address these
issues, although they require access to expensive reagents
(tailored enzymes with modified active sites that accommodate
non-native substrates)." Bioorthogonal chemistries are also
promising but typically rely on pre-functionalisation of the
protein with one of the reaction partners through either protein
engineering or enzyme reactions, which is then later labelled in
a fast, bioorthogonal step.’® Since the nature of the bioconju-
gate bond can dramatically impact the performance of a
protein conjugate - through modification of the target specifi-
city and binding, as well as the overall pharmacokinetic profile
in vivo - new methods for creating bioconjugate bonds are
essential."*™"

Photochemistry offers several advantages as a means of
tagging proteins with bioactive drug molecules or imaging
probes.?®?*272% Benefits include: (i) the initiation of the photo-
reaction under ambient conditions through the application of
light at wavelengths that do not inflict photodamage on the
protein, (ii) rapid reaction rates using highly reactive inter-
mediates generated from the initial photolysis step, (iii) toler-
ance of the bioconjugation reactions toward complex biological
media, particularly components of the protein formulation
buffer employed in the stabilisation of clinical-grade monoclo-
nal antibodies, and (iv) the potential to automate the biocon-
jugation step using advanced flow-based or reactor based
machines. Photochemistry also facilitates the synthesis of
new types of reactive handles®>*” or bioconjugate bonds that
have yet to be tested in vivo. Accessing different covalent bonds
to protein can help fine-tune the performance of protein

Cesare Berton obtained his BSc
and MSc degree in Chemistry at
the University of Padova, working
on the design, synthesis, and
characterisation of supramole-
cular cages under the
supervision of Prof. Cristiano
Zonta. In 2023, he obtained his
PhD at the Swiss Federal Institute
of Technology in Lausanne
(EPFL), Switzerland, where he
focused  his  attention on
dissecting the thermodynamics
and kinetics of merocyanine
photoacids under the guidance of Prof. Cristian Pezzato. From
2023 onwards, he has been part of the group of Prof. Jason Holland
as a postdoc, working on the synthesis of novel
radiopharmaceuticals by  using  supramolecular — and
photochemical methods.

Cesare Berton

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

conjugates with the goals of speeding up the synthesis, improv-
ing target uptake, and harnessing new or alternative modes of
metabolism to control the pharmacokinetic profile of the
agent. Improved chemical control over the adsorption, distri-
bution, metabolism, and excretion (ADME) profile of a protein
conjugate can reduce off-target binding alleviating chemotoxi-
city or radiation dosimetry issues, and thus, improving the
therapeutic index of the next generation of drugs. Although
highly promising, implementing photochemical methods to
derivatise proteins remains challenging because new reagents
must be synthesised, and the experimental design is more
complex than established conjugation protocols.”®

The original use of photochemistry for tagging proteins has
a rich history that dates back to the concept of photoaffinity
labelling (PAL) introduced by Westheimer and co-workers in
1962 (Fig. 1).>° Subsequent work spanning a timeline up until
the 21st Century focused on developing new photoactive han-
dles that can be easily introduced to drug molecules for screen-
ing drug-target interactomes.>* ! The basic idea in PAL is that
a pre-equilibrium between a biologically active ligand (e.g. drug
molecule) and the target protein is established. Subsequently,
irradiation with light of a specific wavelength activates the
photoreagent, stimulating the formation of highly reactive
intermediates such as carbenes, nitrenes, diradicals, and
powerful electrophiles. These intermediates react rapidly with
protein-based nucleophiles near the binding site of the PAL
reagent. In the process, the covalent bioconjugate bond is
formed on a timescale ranging from picoseconds to microse-
conds (Scheme 1A). This mechanism is extremely useful in

Jason P. Holland is from
Yorkshire in the United Kingdom
and received a master’s degree in
Chemistry from the University of
York (MChem, 2004) followed by
a doctorate from the University of
Oxford (DPhil, 2008) with Prof.
Jennifer Green and Prof. Jonathan
R. Dilworth. He trained as post-
doctoral scholar with Prof. Jason
S. Lewis in radiochemistry and
translational molecular imaging
at  Memorial Sloan-Kettering
Cancer Center in New York
(2008-2010). He was then awarded an ETH Fellowship and worked
at ETH Ziirich and the Paul Scherrer Institute (2010-2012). He was
then appointed as Assistant in Chemistry in the Division of Nuclear
Medicine and Molecular Imaging at Massachusetts General Hospi-
tal, Boston, with a joint faculty appointment as an Instructor in
Radiology at Harvard Medical School (2012-2014). In 2015, he
worked in the Department of Nuclear Medicine at the University
Hospital Freiburg as a Visiting Scientist. In 2022 he was appointed
as the Chair of Medicinal Radiochemistry in the Department of
Chemistry at the University of Zurich.

Jason P. Holland

Chem. Commun., 2025, 61, 5234-5252 | 5235


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06529h

Open Access Article. Published on 11 March 2025. Downloaded on 1/25/2026 8:58:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

ChemComm Feature Article
o
N (0] N=N P
~_0. N A O.N N ~x CF3 N3
N > 3 2 3
O™ @ (v Oy O Oy @yt @Y Ok
R A R ¥ N
Diazo acetyls Aryl azides (ArN3)  Aryl azirines Benzophenones Aryl diazirines ~ m-nitroaryl azides  2-diazo-3-trifluoropropionyl  Aliphatic azides
Singh et al. Fleet et al. Padwa et al. Galardy et al. Smith et al. Staros et al. Chowdhry et al. Stoffel et al.
N,*BF )ol\n,loL FN 0. + X N
>"BF; EYQ . oR 3 N8
i
oye] @ @y @ ® 0L »
N N \5 F % N, cl
I 2 N F F
Diazonium salts Diazocyclopentadienyls  Alkyldiazomalonyls  Tetrafluoroaryl azides  Diazocyclohexadienones p-Azidopyridines
Goeldner et al. Nielsen et al. Nielsen et al. Young et al. Goeldner et al. Kolpashchikov et al.
1962 1969 1980 1983 1989
‘ Photoaffinity labelling ‘ ‘ ‘ Bimolecular photoconjugation

1960 2010

1971 1978 1974 1976 1978 1999 2000 - 2024
®O 0 T

Renaissance of photoconjugations
Direct bimolecular labeling agents

N N N e g\_g 0 X j/@(a
S e

Phenazine analogues  Aryl azides Diaryl azirines Diaryl sydnones  Cyclopropenones Diaryl tetrazoles

Fig. 1 Timeline of the progression of photoreagents and their applications in biochemistry or medicinal chemistry.
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Scheme 1 Mechanistic differences in the use of light-induced reactions to create covalent bioconjugate bonds on protein via the established concept
of (A) photoaffinity labelling with preassociation between the photoreagent and a drug binding site on protein, and (B) direct, bimolecular labelling
without preassociation.

characterising the binding profile, the protein selectivity, immunoglobulins (IgGs) and related fragments, which do not
and the mechanism of action for new drug entities.*> However, have recognised drug binding sites, a more general bimolecular
for the light-induced functionalisation of proteins like approach is needed (Scheme 1B).>***
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Recent reports on the use of light-induced labelling of
bioactive proteins have exploited the photochemistry of many
different functional groups such as aryl azides, tetrazoles,
azirines, diazirines, benzophenones, and photoredox systems
(Fig. 1, blue box). The chemistry of these (and other) photo-
reagents is described in the following sections. The photo-
induced processes are stratified into three distinct mechanistic
classes. In addition, we begin by presenting a set of idealised
requirements for developing new photoreagents in the context
of labelling bioactive proteins, as well as a discussion of the
experimental aspects that must be considered when using
photochemistry in synthesis.

Requirements for light-induced
bioconjugation processes

In an ideal photo-induced bioconjugation reaction, several
different criteria apply (Fig. 2). First, the reagents should be
stable toward thermal degradation, reacting only when exposed
to photons of a specific wavelength. Second, to avoid photo-
degradation of the protein component, photoactivation of the
reagents should occur at wavelengths where the protein of
interest does not absorb (photo-orthogonality). Contrary to
some assertions which suggest that lower energy photons are
optimal, we believe that to prolong the shelf-life of the photo-
reagents, the chromophores should not absorb in the visible
region of the electromagnetic spectrum. Activation in the UVA
region with photon wavelengths from ~315-400 nm is an ideal
compromise. Light sources that emit in this wavelength range
are readily available. This spectral window also has the advan-
tage that the absorption spectrum of many functional groups
can be easily tuned through standard application of the
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Fig. 2 Key requirements of new photoactivable reagents for applications
in protein labelling.
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Woodward-Fieser-Kuhn rules**** for auxochromic shifting of
the absorption bands of (poly)aromatic systems using common
substituents.?® Third, the photoconjugation process should
operate in aqueous conditions and be highly tolerant to oxygen,
salts, and standard components found in clinical formulation
buffers that are essential to maintain protein stability. For
example, high concentrations of amino acids like histidine,
polysorbate, sugars, and antioxidants like sodium ascorbate are
frequently used in drug formulations.*>*® Fourth, the photo-
reagents should display high quantum yields for activation, and
the bimolecular reaction kinetics with protein should be as
rapid as possible to reduce the time required to produce the
new bioconjugate bond. This often means optimising reaction
conditions to maximise protein labelling whilst simultaneously
reducing background quenching reactions including solvent
mediated hydrolysis with competing water or hydroxide anions.
Fifth, the bioconjugation reactions should be chemoselective
and ideally site-specific.*” Sixth, the new bioconjugate bonds
should be stable under standard biochemical challenges (such
as incubation in human serum at 37 °C) or else offer new
options for introducing tissue-specific (typically enzyme-
mediated) catabolism to facilitate drug activation and release
from ADCs or metabolite excretion for radiotracers.*® Finally,
the methods should be amenable to automation, thereby facil-
itating the reproducible synthesis of protein conjugates under
current Good Manufacturing Process (¢cGMP) conditions with
high-throughput. Capturing all these features in one reagent is
challenging but we find these design principles a useful start-
ing point when screening different photoreagents for potential
applications in antibody-based radiotracer development or
ADC technologies.

Practical considerations for light-
induced protein conjugation: the devil
is in the detail

All synthetic chemists are skilled in the use of thermally
mediated reactions; however, photochemical reactions are not
frequently considered as a first option in most synthetic
procedures. Successful implementation of photochemical reac-
tions in a robust and reproducible fashion involves additional
experimental parameters that are not encountered when reac-
tions are simple stirred and heated. A selection of common
pitfalls that occur in synthetic photochemistry, and related
practical solutions to overcome problems, is presented in
Fig. 3.

Most pitfalls in photochemical reactions derive from incon-
sistencies in the experimental setup. Sources of error can be
broadly classified into two groups that depend predominantly
on either physical effects (e.g. geometry of the apparatus), or the
chemistry of the process. The use of a light source is the first
major difference between photochemical processes and ther-
mally mediated reactions. Parameters associated with the light
source include the wavelength (A/nm), spectral bandwidth
(measured by, for example, the full-width at half-maximum,

Chem. Commun., 2025, 61, 5234-5252 | 5237
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Common pitfalls and solutions in photochemical setups
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Fig. 3 Illustration of the various experimental design features of light-induced protein conjugation reactions that must be considered during reaction
optimisation. (A) Common pitfalls encountered in the setup of photochemical experiments for biomolecular conjugations. Typical errors derive from
inconsistent positioning of the light source, variations in reagent concentrations and total reaction volume, inhomogeneity of the sample, temperature
fluctuations through heat generation or inefficient heat dissipation, and issues related to the transmission of light through materials (for example,
absorption, reflection, or scattering of photons by the reaction vessel which affect photon flux). (B) Potential solutions in experimental design that
improve reproducibility and overall efficiency of the photochemical process. Standardised experimental geometries are a critical requirement. In
addition, the reaction composition including total volume, light intensities and shape of the light beam delivered into the reaction mixture, reagent
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homogeneity, temperature, and vessel materials should be tested and standardised to confer experimental reproducibility.

FWHM/nm), and power of the emission.”” The beam shape,
angle, distance and focal point with respect to the reaction
mixture also impact the experimental geometry. Other factors
include the use of either direct irradiation of the mixture or
indirect irradiation through a reaction vessel (e.g. through glass
or plastic). Indirect irradiation requires consideration of how
reflectance, attenuation, scattering, and fluorescence effects
from the reaction vessel impact the photon flux. Single or
multi-pass geometries as well as light sources that are used
either externally or internally with respect to the reaction
mixture also affect the experimental design of photoreactions.
On the chemical side, more common issues related to inac-
curacies in reagent concentrations, the total volume of the
reaction mixture, reaction homogeneity, and control of tem-
perature can influence the success of a photoreaction. Photo-
reagents may also exhibit wavelength-dependent reactivity and
selectivity.*® All these aspects are potential sources of uncer-
tainty, but importantly, each can be controlled and optimised
with simple precautions that are easy to implement.

The first practical aspects one must consider are the ener-
getics and the photon wavelengths required for initiating the
chemical reaction of interest. Reagents that require impractical
(expensive, highly specialised, or custom-made) light sources
will struggle to find widespread acceptance compared with
other methods that can be initiated by using cheap, commer-
cially available tools. For instance, high-powered light-emitting
diodes (LEDs) with narrow bandwidths and peak emission at

5238 | Chem. Commun., 2025, 61, 5234-5252

wavelengths spanning between the UVA (365 nm) and near-
infrared (NIR) spectral regions (~1350 nm) are readily avail-
able. These devices have long lifetimes and can produce light
with well-defined characteristics. Advantages of using LEDs
over common Hg-lamps or lasers include their: (i) simple and
low-cost operation, (ii) wide availability around the world, (iii)
generation of almost monochromatic (as well as polychromatic)
light with high intensity and efficiency, and (iv) modularity and
versatility with small apparatus footprints allowing them to fit
inside chemical fume-hoods or glove-boxes. A collimator lens
can be used for optimal beam focusing to ensure that the LED
light source is directed into the reaction mixture with the most
effective geometry (Fig. 4A).

Photochemical kinetics of reactions are directly influenced
by the light intensity delivered to the reactants. The main
contribution to the photon flux is the power output of the light
source. Power output should be measured experimentally by
electronic spectral radiometers or by chemical actinometry
(Fig. 4B). Commercially available devices such as photodiodes,
thermal power sensors, and pyroelectric energy sensors give a
direct readout of the output power and represent an essential
tool for a photochemistry laboratory. Practitioners should note,
however, that spectral radiometers only give a threshold value
to the experimental light intensity but do not account for the
full impact of experimental geometry.

Chemical actinometry can provide a more accurate deter-
mination of the light intensity that inherently includes

This journal is © The Royal Society of Chemistry 2025
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(A) An illustration of LED beam configurations that can be manipulated with a lens to optimise the irradiation of a reaction mixture. (B) Examples of

four chemical actinometers that span a wavelength range that is applicable for light-induced functionalisation of protein. The plot shows the spectral

range for which accurate quantum yields have been reported including data on temperature and solvent dependencies for the four structures shown.

50,51

The image of the light beams in panel A is reproduced with permission from Opsytech Dr Grobel, Ettlingen, Germany (https://www.opsytec.com/).

contributions from the experimental setup. However, actino-
metry can be subject to large experimental errors. Specifically,
in chemical actinometry several assumptions including a fixed
molar absorption coefficient and quantum yield of the actino-
metry reagent are required, but these may vary given changes in
LED emission profiles, solvent composition, reagent concen-
tration, and temperature. Bolton and co-workers reported
extensive data on a collection of chemical actinometers, which
are considered to be gold standards for calibration of photon
fluxes.>* Examples of chemical actinometers include ferrioxa-
late, uranyl oxalate, uridine, and the iodide-iodate couple
(amongst others) for which detailed temperature, wavelength,
and solvent dependency of quantum yields and reaction
mechanisms have been reported (Fig. 4B). Another widely
available chemical actinometer is o-nitrobenzaldehyde (ONB)
which is useful for spectral regions between 280-440 nm.>° The
ONB compound undergoes a photoinduced rearrangement to
form the corresponding o-nitrosobenzoic acid with well-known
quantum yields. The benzoic acid has a characteristic electro-
nic absorption spectrum which is then used to calibrate the
photon flux arriving from the light source.’*?

The medium through which the light propagates from the
source to the reaction mixture is also important. Direct

This journal is © The Royal Society of Chemistry 2025

irradiation of the sample is the simplest design which avoids
a host of complicating factors but, in some cases, closed
reaction vessels or indirect irradiation through the walls of
the reaction vessel are essential. The optical properties of the
material used (typically borosilicate glass, quartz glass, or
plastics) for the reaction vessel, as well as the vessel shape
and other factors like impurities, scratches, or blemishes,
influence light transmission and experimental reproducibility.
For example, most chemical grade glassware is composed by
borosilicate glass which filters wavelengths below 365 nm.
Light sources that emit, and photoreactions that proceed, at
wavelengths close to the transmission cut-off of the materials
used will suffer from low reproducibility if the light is delivered
indirectly through the walls of the reaction vessel. An appro-
priate choice of the light-guiding material and its geometry will
ensure a stable and reliable photon flux during the reaction.
Typically, quartz represents a good starting point as it is
chemically inert and transparent to most wavelengths in the
region between 300-1000 nm.

Another aspect to consider is the concentration of the
reacting partners in the mixture. Optical density or turbidity
can negatively impact light propagation within the sample and
must be monitored. Low concentrations of the photoreagent or

Chem. Commun., 2025, 61, 5234-5252 | 5239
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protein lead to slow bimolecular conjugation kinetics and low
yields of the final functionalised protein. In our experience
with photo-induced labelling of humanised IgG; monoclonal
antibodies (molecular weight ~150 kDa) or related fragments,
we found that bioconjugation yields decrease rapidly if
initial protein concentrations in the reaction drop below
~10 mg mL~' (equivalent to a concentration of ~67 uM
[1.5 mg of protein] in a total reaction volume of
0.15 mL).”>"*77 Similarly, the stoichiometric equivalents of
the photoreagent should be adjusted to ensure high conjuga-
tion yields but to avoid over functionalisation which can
impinge on the biophysical properties of the protein. Typically,
in our photochemical labelling reactions we adjust the initial of
photoreagent-to-protein ratio by a factor associated with the
conjugation yield (measured in test reactions) to ensure that on
average the final protein conjugate contains a drug-to-antibody
(DAR; or equivalently fluorophore or radiometal complex) ratio
of 1:1.%

Sample homogeneity and thermal stabilisation can be
achieved through gentle mixing by using a magnetic stir bar,
but slow stirring rates (<100 rpm) and caution should be used
to avoid protein foaming, flocculation, and sedimentation.
Normally, the temperature of photoreactions should remain
stable during the short photolysis step, but it can change if
either: (i) high concentrations of chromophores are added that
undergo thermal relaxation mechanisms that compete with the
desired photochemical processes, (ii) reactions involve strongly
exothermic steps, or (iii) the LED source generates heat. Heat
sinks, heating mantles or jacketed reaction vessels can be used
in situations where tight control over temperature is essential.

Mechanistic classifications of light-
induced protein conjugation reactions

In this section, we subdivide the reactivity of photoreagents
into three different classes based on their mechanisms of
action involving: (i) photodeprotection of masked reagents,
(ii) photoactivation to generate highly reactive intermediates,
and (iii) photocatalysis (Scheme 2).

Protecting group
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Photodeprotection reactions are a mainstay of photo-
chemistry and the topic has been reviewed extensively.’®>°
Despite appearing to be similar, the photodeprotection and
photoactivation mechanisms (Scheme 1, mechanisms i and ii,
respectively) are conceptually and empirically distinct. Specifi-
cally, photodeprotection reactions generate a stable intermedi-
ate which is only reacts in the presence of the corresponding
reaction partner. An example is the release of a bioorthogonal
reactive strained alkyne upon light-mediated CO release from
dibenzocyclopropenones (see below).®>®" These types of reac-
tion are attractive when spatial and temporal control is
required over the location of light-induced protein tagging,
particularly in labelling components of live cells.®**”

In contrast, photoactivation (Scheme 1, mechanism ii) pro-
duces very unstable, highly reactive, and transient intermedi-
ates that react on the picosecond-to-microsecond times scale.
Examples of photoactivatable reagents include tetrazoles, azir-
ines, sydnones,®® benzophenones, aryl and aliphatic diazirenes,
diazo-species, and aryl azides, which undergo photochemical
reactions via an electronically excited state. These photochemi-
cal reactions transit through highly reactive species including
carbenes, nitrenes, biradical species, electrophiles like keteni-
mines and dipolar species such as nitrile imines and nitrile
ylides. In spite of the extreme reactivity of these photoreagents,
many compounds have been used in PAL.****®! In the third
mechanistic group, (Scheme 1, mechanism iii), the photocata-
Iytic process depends on an initial activation of an additive (a
precatalyst) which upon photon absorption, mediates a bio-
conjugation reaction between a substrate and a protein of
interest. The following sections highlight examples of photo-
reagents which have been employed in the synthesis of func-
tionalised protein conjugates.

Photoreagents and their applications

The following sections summarise the chemistry of eleven of
the most prominent photoreagents for direct (bimolecular)
functionalisation of proteins. For recent complementary
reviews on photochemical reactions and their applications to

PG PG
hv
i) Photodeprotection O j‘
hv
ii) Photoactivation —_— —
Reactive species
Pre

iii) Photocatalysis catalyst

hv
—> Catalyst

Scheme 2 Bimolecular photoconjugation strategies categorised into three distinct mechanisms depending on the role of the photoactivatable reagent.
Mechanism (i) involves the activation of masked functional groups by release of a photolabile protecting group (PG) to give an intermediate that
subsequently reacts with protein. Mechanism (ii) involves light-induced activation of a stable ground-state reagent to form an unstable intermediate
which is the main protagonist in the bioconjugation reaction. Mechanism (iii) involves photocatalytic reactions in which a photosensitive precatalyst
activates by absorption of a suitable photon and promotes reactivity of a substrate in the bioconjugation step.
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create bioactive molecules, especially with photo-click reac-
tions, the reader is referred to ref. 58, 85 and 86.

Aryl azides

Aryl azides (ArN;) are one of the most well-studied compound
classes for photoconjugation chemistry.®?” Their development
as photoreagents date back to 1969 when Fleet et al.*® used
4-fluoro-3-nitrophenylazide for labelling antibodies, and later
this class of compounds was used in PAL.%%7%78751,88-90
Recently, our group adapted ArN; chemistry for the photo-
radiosynthesis of antibody-based radiotracers using a wide
range of radioactive nuclides including (amongst others) *°Zr,
®Ga, and ®!Cu for positron emission tomography (PET;
Scheme 3).21°%3%%691 In our hands, the chelating reagents
derivatised with the ArN; functional group display thermal
stability up to ~50 °C, are stable over prolonged periods of
time (>2 years) in the freezer at —20 °C. Aryl azides have the
advantage that they can be readily installed onto complex drug
molecules, fluorophores, or radiometal complexes. Their high
chemical stability in buffered aqueous media, and biocompat-
ibility with formulated antibody mixtures, combined with con-
venient and rapid photochemical activation with photons in
the wavelength range 365-450 nm make them close to ideal
photoreagents for protein labelling. Upon light-absorption, the
ArN; group is promoted to an electronically excited (singlet)
state in which the rapid and almost barrierless extrusion of N,
is favoured, generating highly reactive open-shell singlet
nitrenes.’”*> Experimental measurements indicated that the
quantum yield of ArN; activation in water is ~4%.>' Depending
on the electronic nature of the substituents on the aryl ring, the
aryl nitrene may react either as a nitrene species or undergo
rapid intramolecular bicyclisation then ring opening to form a
potent 7-membered ketenimine heterocycle, which acts as a
chemoselective electrophile for primary amines.’> Chemoselec-
tive coupling of the ketenimine with a lysine side-chain on
protein produces a 2-aminoazepine which acts as a stable
bioconjugate bond in vivo.***!

In one example, we used [*°Zr]ZrDFO-ArN; (DFO, desferriox-
amine) to photoradiolabel a monovalent engineered antibody
onartuzumab with high radiochemical conversions (~57%)
and isolated decay-corrected radiochemical yields (~41%) of
89Zr-onartuzumab.®" The photoradiolabelled **Zr-onartuzumab

Trastuzumab [9Zr]Zr-DFO-ArN3

L QL
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was then tested in cells and in mice bearing human gastric
cancer models comprised of subcutaneous human hepatocyte
growth-factor receptor (c-MET) overexpressing MKN-45 xeno-
grafts. PET imaging, biodistribution, and pharmacokinetic
studies revealed superior performance of the photoradiola-
belled compound when compared head-to-head against a con-
trol *°Zr-onartuzumab radiotracer formed by using the
standard DFO-Bn-NCS®® bioconjugation approach that forms a
thiourea.”® Notably, the ArN; photochemistry was found to be
compatible with several different clinical formulation buffers.
This advance also led to the design of a new radiosynthesiser
for automated light-induced synthesis of immunoconjugates
(ALISI).>*

Tetrazoles

The photochemistry of tetrazoles was originally discovery by
Huisgen and co-workers in 1967 where evidence of photoin-
duced cycloadditions between the heterocycle and ethyl croto-
nate were reported.”® At that time, and in subsequent
studies,*"*>°® it was noted that cross-reactivity between photo-
activated tetrazoles with biologically relevant nucleophiles
occurs but this fact was subsequently overlooked when tetra-
zoles and alkene-substituted proteins were combined to
develop ‘photo-click’ chemistry in 2008.°”°® Photo-click reac-
tions with tetrazoles were proclaimed to be bioorthogonal but
the original report,®® and detailed mechanistic studies in
2016°21%° refuted this claim. Indeed, studies have demon-
strated photoinduced reactivity of tetrazoles with a wide
range of reagents’ with reports of high selectivity towards
amino'®" carboxyl'®>'*® thiol'®* alkene, alkyne'®® and other
functionalities,'®® depending on the conditions employed.
Our own photoradiosynthesis experiments with a novel
[#°Zr]ZrDFO-tetrazole*® complex for light-initiated labelling of
trastuzumab also confirmed that direct protein functionalisa-
tion occurs (Scheme 4).%° Similar to the work on ArNj species,
we showed that tetrazole photochemistry is a viable route for
synthesising bioactive radiotracers for applications in PET
imaging.>°

Upon irradiation with UV light, the electronically excited
state of tetrazoles undergoes a stepwise rearrangement and
photodissociation.®® First, a weak N-N bond breaks to form an
electronically excited intermediate which then undergoes

hv
365 nm
15 min

.N2

Scheme 3 Photoradiosynthesis to label a monoclonal antibody with a positron-emitting 8°Zr-desferrioxamine complex via light-induced activation of a
ArNz group. Trastuzumab is linked in a one-pot photoreaction to [89Zr1ZrDFO-ArNs with high isolated and decay-corrected radiochemical yields and

radiochemical purities. 285354
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Scheme 4 Photo(radio)synthesis of functionalised proteins using light-induced activation of tetrazoles. Formation of the electronic excited state of a
tetrazole can lead to intramolecular rearrangements and loss of Nx(g) to generate a 1,3-dipolar nitrile imine. This intermediate finds applications in
labelling compounds bearing alkene or alkyne reaction partners (photo-click) or in direct reaction with biologically relevant nucleophiles found on

protein.

spontaneous and rapid loss of N, to form a nitrile imine. Nitrile
imines undergo fast 1,3-dipolar cycloaddition reactions with
alkenes and alkynes,” but also react with a wide variety of
biologically relevant nucleophiles. Remarkable examples of
their applications are the on-protein synthesis of fluorogenic
groups by Qing Lin and co-workers,®>°7'%771% fluore-
scence microscopy imaging,"'>"'" and radioimmunoconjugate
photosynthesis.>*%*

Photolysis of tetrazoles at wavelengths that do not lead to
photodegradation of protein requires auxochromic tuning of
their absorption spectrum.?® To this end, our group developed
naphthyl tetrazole derivatives and performed structure-activity
relationship experiments.>® Introduction of a methoxy group
onto a naphthyl-tetrazole facilitated rapid and efficient photo-
activation at wavelengths between 365 to 395 nm. Detailed
computational studies also suggested that the reactivity of
tetrazoles with biological nucleophiles might be exploited in
future studies by using different experimental conditions to
tune the chemoselectivity.”> Overall, tetrazoles are one of the
most synthetically versatile classes of photoreagent for labelling
proteins.

ortho-Nitrobenzyl alcohols (ONBAs)

The photochemical behaviour of nitroso compounds was first
reported in 1901 when the pioneers of photochemistry Ciami-

cian and Silber'"” described the photoinduced rearrangement
112

to o-nitrobenzaldehyde to o-nitrosobenzoic acid photolysis.

o

SIS
O,N
Propargyl-ONB

o 20 1= 530
HER-2 nanobody O,N -H,0 ON

Other important works on photochemical reactions of
o-nitrobenzyl alcohols (ONBA) and related derivatives were
written by Sachs in 1904'"* where it was predicted that, “All
aromatics which have a hydrogen ortho to a nitro group will be
light sensitive.”"™* Later in 1970, Woodward and co-workers
used ONBAs as photo-removable protecting groups for amino-,
carboxy- and ester groups.™ The usefulness of ONBAs and deriva-
tives as photoprotecting groups has been extensively studied by the
group of Bochet.>>***™*22 Upon photon absorption, ONBAs undergo
an intramolecular redox reaction generating the corresponding
o-nitrosobenzaldehyde, which until recently, has been exploited
mainly for photochemical deprotection of reactive groups. The
group of Xiao-Hua Chen repurposed ONBAs for the in situ con-
jugation of proteins (Scheme 5).'** Here, the photogenerated
o-nitrosobenzaldehyde is susceptible to nucleophilic attack from
primary amines, condensing to give the corresponding indazolones
after intramolecular cyclisation."”'** This reactivity enables the
use of ONBAs as chemoselective photochemical linkers between
the &NH, of lysine side-chains and the photogenerated
o-nitrosobenzaldehyde. Photochemical conjugation experiments
with ONBAs were demonstrated on a wide range of substrates
spanning from simple amines and peptides, through to nanobo-
dies. In one study, a nanobody that binds to the human epidermal
growth factor receptor type 2 (HER2) was photochemical deriva-
tised by using an alkynyl derivative of ONBAs. Mass spectrometric
analyses conducted by MALDI-TOF revealed lysine-specific and
near quantitative protein labelling. The ONBA-derived probes were
also activated in live cell cultures by UV light (365 nm) and enabled
precise temporal and spatial control of bioconjugation, with

CuAAC

TAMRA-N3 o o

N=N
N

Scheme 5 Schematic representation of the light-induced ONBA reaction mechanism labelling a HER2-specific nanobody.'?* (Step 1, left) Photoinduced
ONBA activation and chemoselective protein derivatisation with an alkynyl group. (Step 2, right) The formation of a covalent bond between the protein
and the modified probe via Cu'-mediated alkyne—azide click chemistry, illustrating successful bioconjugation towards TAMRA-N.
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minimal cellular toxicity. The ONBA strategy enabled kinase profiling
in live mammalian cells where a lysine-reactive probe captured over
90 kinases in Jurkat and 76 in K562 cells, outperforming diazirine
probes. Structural docking confirmed the selectivity of the probe for
conserved lysine residues in kinase ATP-binding sites. The same
methodology was also expanded to include mitochondria-specific
labelling with a fluorescent rhodamine-ONBA probe.

Diaryl sydnones

The photoactivity of sydnones was established in 1955 when
Tien and Hunsberger reported the synthesis of their pyridyl
derivatives which displayed solid-state photochromic beha-
viour when exposed to sunlight.'>® The transparent crystals
turned dark blue under light and the transition was reverted by
heating or by leaving the crystals in the dark for prolonged
times. More recently, Taran and co-workers experimented with
the use of sydnones in copper-mediated cycloadditions to
alkynes,"?® and then further improved strategies were proposed
for strained alkynes.'*”'?®

The photochemical reactivity of sydnone derivatives on
biomolecules came later. In 2018 the group of Zhipeng Yu
synthesised a library of diaryl sydnones aiming to tune the
electronic structure of these compounds to absorb and
react at wavelengths more compatible with applications in
biochemistry."® Their proposed working mechanism resem-
bles the one of tetrazoles."*° Photon absorption by the sydnone
group creates an electronically excited state which releases CO,
and forms a nitrile imine. As a consequence, the reactivity
patterns of sydnones are anticipated to be comparable to
tetrazoles. Initial studies demonstrated that lysozyme, pre-
functionalised with strained alkynes, undergoes efficient
photo-induced and fluorogenic labelling.”*" Similar reactivity
was observed with strained alkenes (e.g. trans-cyclooctene,
TCO), which undergo fluorogenic cycloadditions with the
sydnone-generated nitrile imines forming the corresponding
pyrazolines. The pyrazoline products display efficient lumines-
cence properties with high fluorescence quantum yields (0.28
to 0.42) and turn-on enhancement factors (122 to 321-fold)."**

Sydnone photolysis
on Z isomer
405 nm

”ﬁ O S0y

: _@SQ QN & (ﬁO%N@N

Lysozyme SulfoCy3-sydnone

kz=24x10*M"s"

1.311 nmlaser Z - E
isomerization

2. 405 nm Sydnone

photolysis

ke=16x105M" s
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The magnitude of these turn-on effects allows for straightfor-
ward monitoring and quantification of protein labelling and
enables sensitive detection of protein conjugates at sub-
micromolar levels.'*’

Sydnones also undergo cycloaddition reactions via their
nitrile imine intermediate with dibenzo-thiadiazepine (DBTD)
reagents (Scheme 6).°4"*? Notably, dibenzo-thiadiazepines dis-
play concomitant photo-isomerisation where the less stable E-
isomer was shown to react faster with the nitrile imine. Kinetic
studies highlighted that the nitrile imine displayed consider-
able rate enhancements toward the E-isomer of the DBTD
compound which are attributed to increased ring strain (kg =
1.6 (£0.16) x 10° M~ ' 57", k, = 2.4 (+£0.24) x 10* M~ " 57" for Z,
kglkz = 6.7). The interaction of sydnones with DBTD is also
fluorogenic, thereby facilitating quantification of the protein
conjugation step via fluorescence emission coupled to gel
electrophoresis methods for protein separation. Photolabelling
reactions with a sulfo-Cy3 fluorophore diaryl sydnone derivative
exhibited successful bioorthogonal ligation of lysozyme or
bovine serum albumin (BSA) where the protein was pre-
functionalised with a DBTD reagent."**> Although potentially
versatile, current applications of photolabelling chemistry with
these DBTB-sydnone reagent pairs remains complex. For
instance, the setup requires two light sources for triggering
the formation of the nitrile imine at 311 nm and the Z-FE photo-
isomerisation (quantum yield for isomerisation: @zg495 = 0.516
at 298 K) of the DBTD partner at 405 nm using laser light
sources. A notable advantage is that the DBTD reagent has
excellent stability in the biochemical environment and is
resistant to photodegradation (9.4% bleaching after 3500
light-dark cycles). However, rapid thermal reversion from the
E-to-Z isomer (3.75 + 0.23 s~ ', 298 K) generates a very narrow
reaction window of only a few seconds. This can provide high
control over the generation of the reactive intermediate but
simultaneously limits the accessible reactive space for bimole-
cular protein conjugation to only extremely fast bioorthogonal
partners.

Importantly, the sydnone-DBTD technology has been
applied in live cells by in situ labelling of cetuximab™"'*> and
panitumumab’®* derivatives bearing dibenzothiadiazepine.

. SOy
N
\

311 nm

C\J@m@@

0-ON 4050m .
AN o =N
© -co,

Scheme 6 Diaryl sydnones eliminate CO, under light irradiation forming reactive nitrile imines. In this example a thiadiazepine functionalized lysozyme
undergoes photoinduced (405 nm) cycloaddition to the photogenerated nitrile imine with a rate constant kg. The cycloaddition rate constant increases
by ke/kz = 6.7 times following a stepwise procedure in which the diazepine is first converted to the Z geometric isomer. In the subsequent step, the nitrile

imine is generated in situ by irradiation with 405 nm light, thus initiating protein conjugation to the Cy3-sydnone derivative.
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Fluorescence microscopy revealed that irradiating the cell
sample with 405 nm resulted in Cy3 accumulating on the cell
surface.’®® In conclusion, sydnones are promising photorea-
gents with future prospects for developing both bioorthogonal
tools and for potential direct protein conjugation.

Diaryl azirines

The photochemistry of azirines was first reported in 1968 by
Arnold"™?® and later in the 1970s by Padwa®'*> who used these
reagents as photochemical building blocks. The main applica-
tion of diazirines lies in their ability to produce nitrile ylides via
photo-induced ring-opening rearrangements.'** Nitrile ylides
have been used as cycloadditions reaction partners with dienes
or dipolar compounds.”** However, the use of azirines in
bioconjugation chemistry remains relatively unexplored. Com-
putational studies have predicted that nitrile ylides display
activation parameters which point toward faster reactivity
compared with nitrile imines generated from tetrazoles or
sydnones."®” This is in line with significantly lower activation
free energies for 1,3-dipolar cycloadditions and was corrobo-
rated experimentally by their preference to react with unsatu-
rated dicarbonyl compounds bearing electron-withdrawing
substituents.™*>"3¢

Light-induced activation of the 3-membered azirine ring
typically requires photons with short wavelengths around
300 nm. Consequently, their application in photoinduced
bioconjugation chemistry has been limited. To alleviate this
drawback, Barner-Kowollik and co-workers substituted one of
the aryl groups with a pyridyl group to redshift the activation
wavelength to 405 nm."”

Lin and co-workers prepared azirine-functionalised lyso-
zyme (via classic NHS conjugation methods)."*® The bioconju-
gate then underwent 302 nm photon absorption and a light-
induced reaction with unsaturated 1,4-dicarbonyl compounds
such as dimethyl fumarate or a PEG-ylated derivative of fuma-
rate (Scheme 7). Successful protein labelling was reported, and
the reaction shows characteristics of a bioorthogonal process,
but further work is required to establish azirine photochemistry
as a reliable method for protein functionalisation. In particular,
issues related to the use of high-energy photons, the necessity
to introduce the photoactive group via a non-bioorthogonal
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step, and the slow photoreaction kinetics (photoreaction rate
constant of 0.03 s~ " using a 20-fold excess fumarate)'*® must be
addressed before diaryl azirines can become a more widely use
class of photoreagent for protein conjugation.

Photodeprotection of strained alkynes

Strained alkynes have been central to the development of click
chemistry for biological applications.'**'*® Recently, a new
generation of photo-protected strained alkyne reagents has
expanded the photochemical reaction palette with cycloprope-
nones being the most prominent members.®” In 2009, Popik
and co-workers reported a novel application involving these
compounds and demonstrated their utility for labelling bio-
molecules in challenging situations such as those involving
intact cells.®” The photolysis of the 3-membered cyclic enone
results in the rapid generation of the strained alkyne, which
serves as an ideal substrate for strain-promoted azide-alkyne
cycloadditions (SPAAC).'*' Following the formation of the
alkyne, the introduction or concurrent presence of an azide
derivative initiates the SPAAC reaction, leading to the synthesis
of the corresponding triazole with bimolecular rate constants
around 0.05 M ' s~ (measured in MeOH; for comparison,
typical values for SPAAC on unprotected alkynes are ~0.1 M~ " s~ "
in H,0)"*'**> Subsequent experiments showed that the photo-
decaging and SPAAC approach can be employed to label intact
Jurkat cells supplied with N-azidoacetyl-sialic acid.®””'** This
supplement leads to the selective incorporation of azido groups
in glycoproteins and glycolipids synthesised by the cells, thus
providing a suitable bioorthogonal substrate for evaluating
photodecaging reactivity of alkynes in living systems. For
example, azide-presenting cells were subsequently exposed to
ultraviolet light in the presence of a cyclopropenone-biotin
conjugate, initiating the formation of triazole linkages between
biotin fragments and cellular proteins. Incubation of the
biotin-functionalised cells with an avidin-Alexa Fluor 488 con-
jugate showed efficient labelling as detected by using fluores-
cence microscopy.®’

The CO-releasing reaction on cyclopropenones has been
analysed in detail through a combination of DFT calculations
and flash photolysis experiments which probed the nature of
the decarbonylation step.®® Electronic transitions responsible

Lysozyme-azirine conjugate

Scheme 7 Diaryl azirines undergo photoinduced ring-opening reactions to form nitrile ylides, which are established reaction partners for cycloaddition
reactions. Here, photolysis of a pre-functionalised lysozyme-diazirine derivative with 302 nm light, stimulates the formation of a new conjugate bond
with electron-poor dienes (such as methyl fumarate), forming the cycloaddition product.**¢
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Scheme 8 Cyclopropenones are photolabile compounds that undergo decarbonylation reactions upon irradiation. Photochemical CO extrusion leads
to the formation of the corresponding alkyne. Specifically, for the dibenzo-derivatives the unmasked alkyne lies within a strained ring system, thereby
facilitating classic bioorthogonal click reactions. In this example, an initial SPAAC is performed to connect an N3z-derivative of bovine serum albumin (BSA)
to the cyclopropenone. This protein conjugate is then photolytically decarbonylated to expose the alkyne, which is used in a second SPAAC reaction to

bridge the protein to rhodamine fluorophore. !

for the fragmentation of the molecule have been identified, and
mechanistically, the loss of CO is proposed to occur in a
stepwise fashion. First, the cyclopropenone undergoes an
energy-demanding (~134 k] mol ') ring-opening reaction by
forming a ketenylcarbene intermediate (Scheme 8). The kete-
nylcarbene can be described by two resonance structures, one
of which is neutral (carbene form) and the other displays
charge separation (zwitterionic form). This intermediate then
undergoes fast decarbonylation, highlighting the low activation
barrier to cleave the remaining C-CO bond. From the analysis
of the computational and experimental results, it was hypothe-
sised that CO release happens in an electronically excited state
of the zwitterionic intermediate, as supported by intense sol-
vent polarity effects observed during kinetic experiments.®® An
illustration of the photolabelling of proteins with cycloprope-
nones is presented in Scheme 8.°"

Upon photodeprotection, cyclopropenones also become sui-
table reagents for inverse electron demand Diels-Alder (IEDDA)
reactions.** In this framework, 1,2,4,5-tetrazine species reacts
with a dienophile like a strained alkene or alkyne through a
classic [4+2] cycloaddition pathway. The cycloaddition is
accompanied by a concomitant release of nitrogen which
represents the driving force of the reaction. As discussed above,
the alkyne can be generated in situ from the photolysis of a
dibenzocyclopropenone, which converts into the corres-
ponding cyclooctyne and then participates in an IEDDA reac-
tion. A remarkable example of this technology has been
presented by the Lang group, in which protein engineering
was adopted as a biosynthetic strategy to introduce site-
specifically tetrazine modified versions of lysine on a variety
of proteins including superfolder green fluorescent protein
(sfGFP)."** The tetrazine-modified sfGFP was tested for reactiv-
ity toward masked alkynes, which yielded nearly quantitative
photoreactions upon exposure to light. This system was then
further tested on living E. coli samples demonstrating photo-
chemical labelling of intact cells. Protected strained alkynes
represent an exemplary case of photoinduced deprotections
(Scheme 1, mechanism i), which introduce an additional
dimension to synthetic biochemistry.

This journal is © The Royal Society of Chemistry 2025

Photoactivation of tetrazines

Related to the chemistry discussed in the previous section,
tetrazines have been used extensively in IEDDA reactions on
biological substrates, including for pretargeted in vivo labelling
applications in the space of radiotracer imaging and
therapy.®>'*>™% The tetrazine chemistry and IEDDA reactions
have been the subject of numerous excellent reviews, but the
majority of the work addresses only thermally-mediated
processes.'>® "> Light-activated tetrazine chemistry has been
reported with activation mechanisms spanning both photode-
protective and photoredox processes (Scheme 1, mechanisms i
and iii, respectively).

In 2016, Fox and co-workers reported the use of catalytic
turn-on photooxidations for converting inactive dihydrotetra-
zines (DHTZ, Scheme 9) into reactive tetrazines (TZ) under LED
irradiation at 600 nm."”® The photooxidation mechanism
exploits the sensitising properties of compounds such as
methylene blue, rose bengal, and carboxyfluorescein, which
act as photocatalysts for the oxidation of DHTZ into TZ.
Methylene blue and rose bengal are known as photosensitisers
to produce singlet oxygen ('0,), and initial speculations sug-
gested that this species could be the effective oxidant.’>® This
hypothesis was disproven by conducting control experiments in
the presence of NaN; (a 'O, quencher)'**'** thus showing that
the photocatalytic effect was independent from the formation
of reactive oxygen species.

These observations led to the conclusion that the photooxida-
tion of DHTZs represents a practical protocol for developing
biocompatible functional materials and for the photoinduced
formation of protein conjugates. Similar strategies have been
employed in other works from the same group in which additional
protein derivatives have been photolabelled by using the DHTZ/TZ
dyad.®® These preliminary reactions on model proteins served as
the foundation for subsequent development of live-cell imaging
agents.®® Indeed, the strategy devised by Fox and co-workers
facilitates rapid and spatiotemporally resolved labelling of engi-
neered proteins expressed by cells, hence opening new avenues for
understanding fundamental biochemical processes.
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Scheme 9 The photocatalytic oxidation of DHTZ is useful for generating tetrazines on demand, which are potent substrates for bioorthogonal IEDDA-
type reactivity in vitro and in vivo. In this example, green fluorescent protein (GFP) was functionalised with a strained trans-cyclooctene (TCO) by using a

thiol-maleimide conjugation. Subsequent incubation with a DHTZ reagent,

successful protein functionalisation.>®

Forsythe and co-workers applied these concepts in the
design of biocompatible and nontoxic materials which can be
used in vivo.'*® The advantages derived from these methodol-
ogies are the short times of photoreaction, red-shifted wave-
lengths, and the widespread availability of the photocatalysts.

Tetrazine reagents have also been employed in photodepro-
tection strategies. For instance, Devaraj and colleagues demon-
strated tetrazine release from a photocaged dihydrotetrazine,
which included a photoprotecting group akin to o-nitrobenzyl
carbamates that can be removed by exposure to 425 nm light.
The short irradiation times (less than 2 minutes), in conjunc-
tion with the high reaction rates and red-shifted absorption,
render this methodology a particularly advantageous approach
for on-demand biomolecule derivatisation.®>

In summary, the development of photooxidation-based pro-
tocols for DHTZs and tetrazine derivatives presents a powerful
approach for biocompatible material synthesis, live-cell ima-
ging, and on-demand biomolecule modification. These
advances, characterised by rapid reaction rates, tunable wave-
lengths for photoactivation, and the availability of photocata-
lysts, open new avenues in biomedical research and offer
innovative tools for studying and manipulating biochemical
processes with high spatial and temporal precision.

Thiol—-ene reagents

The distinctive chemistry of sulfhydryl groups (redox chemistry,
variable pK, values, photoreactivity, high nucleophilicity and
soft Lewis base class B character), coupled with their wide-
spread availability on biomolecules, present an exceptional
opportunity of using this functional handle in novel photoche-
mical processes. Most of their thermally mediated chemistry
relies on the acid-base properties of the SH group and takes
advantage of their innate nucleophilicity. Photochemical reac-
tions between terminal mercaptans and alkenes have been
known for more than a century'® but in recent years there
has been a ‘rediscovery’ of R-SH chemistry for applications in
direct bioconjugation of protein. In their light-induced reac-
tions, thiols become activated and generate thiyl radicals (RS®).
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followed by photocatalysed oxidation to unmask the TZ partner led to

These high-energy intermediates react readily with alkene
substrates frequently following anti-Markovnikov patterns,'*®
although the Markovnikov addition products are observed in
rare examples.” Radical reactivity poses an immense chal-
lenge to control, especially on biological substrates under
aqueous aerated conditions. Photochemical thiol-ene reactions
are not immune from these drawbacks but efforts have been
made to mitigate and tame the reactivity of these systems.
Numerous research groups have explored the creation of
masked thiols including derivatives of coumarin or o-
nitrobenzyl which photolytically fragment and release the free
thiol.>>'°%%1 Although the thiol-ene and related thiol-yne
reactions display potential in biomolecule functionalisation,
the technology needs to mature before it can find broader
applications. One issue that must be addressed is that the
production of highly chromophoric products after the
photodeprotection can impede the efficiency of the thiol-ene
reaction. Specifically, these highly absorbing byproducts accu-
mulate within the reaction mixture and progressively function
as light filters, consequently impinging the overall efficacy of
the reaction.'®'®® Controlling the conditions to minimise
competing reaction pathways like radical quenching is also
essential to improve bioconjugate yields to useful levels.
Encouragingly, the group of Sungwoo Hong developed a
photochemical system that features mild activation para-
meters, high selectivity, and biocompatibility. In this work,
they prepared a novel generation of quinoline-based photosen-
sitisers poised to activate cysteine side-chain thiols at wave-
lengths around 440 nm.* Detailed mechanistic investigation
on the thiol-ene reaction confirmed the involvement of radical
species, where radical scavengers such as TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxide) completely inhibited the for-
mation of the desired products. This reactivity has been
exploited for the site-selective formation of thioether bonds
on bovine serum albumin (BSA) and ubiquitin K63C
(Scheme 10), a version of ubiquitin displaying substitution of
lysine 63 for a cysteine residue. Modified variants of these
proteins have been synthesised by the thiol-ene method and
feature, for instance, a biotin pendant arm or a quinoline
derivative reminiscent of the photocatalysts discussed above.

This journal is © The Royal Society of Chemistry 2025
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Ubiquitin K63C

Scheme 10 Thiol-ene reactions proceed through the formation of a photo-generated thiyl radical which is particularly reactive towards unsaturated
compounds, such as alkenes or alkynes. In this example, a photosensitised version of the thiol—ene reaction is triggered by 440 nm irradiation to create a
new thioether bond bridging a quinoline derivative to ubiquitin-expressing cysteine in position 63.8% Interestingly, the substrate also acts as the

photosensitiser, promoting the bioconjugation reaction and producing a fluorescent protein conjugate.

In the latter example, the small-molecule reagent served a dual
role acting as both the photocatalyst and the alkene source by
initiating the thiol-ene reaction and ultimately conjugating
with the protein (Scheme 10). Such a strategy provides a
convenient instrument for a site-selective, photochemical,
and single-step introduction of a fluorophore subunit on
proteins that display accessible thiols.

Diazirines

Diazirines quickly found applications as PAL probes’>’®'®* in
biochemistry in the 1970s when Knowles and co-workers
exploited their photochemical reactivity for biomolecule
labelling.**?>'%* Their productive photochemistry involves
electronic excitation of the diazirine group through absorption
of ultraviolet light. Electronic absorption is thought to either
promote direct loss of nitrogen to give a carbene or proceed via
a two-step mechanism in which photoisomerisation to the
diazo species, followed by thermal or secondary photochemical
release of N,(g) gives the carbene. Carbenes are highly energetic
and display reactivity preferences that depend on their spin
state.”” Tang and Lijuan demonstrated the dual reactivity
nature of diazirine reagents through an extensive series of
labelling and mechanistic experiments (Scheme 11)."

Bovine Serum Albumin
X=C,N, O, S, COOH

The dual reactivity of diazirines was elucidated through a
comprehensive mechanistic analysis of model functional
groups, which dissected the behaviour of these photoreagents
into two principal modes. The first mode pertains to the
interaction of a diazo intermediate with the protein, which
preferentially reacts with polar amino acids by liberating N,.
Conversely, apolar amino acids predominantly engage with the
carbene intermediate, resulting in heterogeneous products
typically generated through bond insertion processes. The
mechanistic distinction between these two pathways is
supported by deconvolution of many elementary steps that
were experimentally accessible with the aid of sophisticated
photochemical setups. Other examples of the use of diazirine-
based photoreagents include direct crosslinkers for
biomolecules,”” binding site identification for antibiotics on
proteins’® solid-state biomolecule cross-linking'®” and mAb
radiolabelling.”?

Benzophenones

Benzophenone (BP)-based photoreagents were introduced in
1974 when Galardy and co-workers used this class of reagent
to map the binding sites of pentagastrin on BSA.** Their

Scheme 11 Diazirines photolyse under UV light by forming either a diazo or a carbene intermediate. The diazo species can convert to the carbene via
thermal or photochemical pathways but can also react with nucleophiles on proteins. The carbene species can label protein by C-H or X-H bond
insertion pathways and are more reactive toward apolar residues. In this example, BSA was first derivatised with a commercially available diazirine
N-hydroxysuccinimide derivative (known as SDA) then photolysed to form a new covalent bond, stapling the protein and rigidifying the structure.16®
These studies highlight the unique capabilities of diazirines in protein labelling, where their versatile reactivity with both polar and apolar residues under
UV irradiation provides a valuable approach for creating covalent linkages to a wide range of biomolecules.
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stability, reversible photoactivation in water, and preferential
reactivity to otherwise inert C-H bonds (especially methio-
nine residues) crafted the success of this functional group in
biomolecule derivatisation.'®® The photoactivation mecha-
nism of BPs involves excitation of the carbonyl chromophore
by UV light, which promotes an electron from a non-
binding orbital based primarily on the oxygen atom to the
antibonding n* orbital of the carbonyl group. The diradical
formed (either as a singlet or triplet species) is very r
eactive and tends to interact with C-H bonds resulting
hydrogen atom abstraction by the oxygen-centred radical.
Ketyl radicals and alkyl radicals on the protein then recom-
bine (potentially after intersystem crossing) to form the
final products, which results in covalent C-C bond
formation between the BP reagent and the biomolecule of
interest.

Benzophenone-based compounds have found myriad appli-
cations in the radiolabelling of proteins,"®*"* lipids,’”® pro-
tein immobilisation’”* and photoconjugation,*”>'”® and DNA
cross-linking."”” Of particular interest, is the development of
the methionine proximity assay (MPA) - a method for probing
protein structure and ligand-receptor interactions which
takes advantage of the intrinsic preference of photoexcited
BPs for methionine residues located in the vicinity of the
photoprobe.”"'”® Seminal work from Escher and colleagues,
rigorously investigated a novel Methionine Proximity Assay
(MPA) utilising BP photolabelling to elucidate the binding
environment of the human angiotensin II type 1 (hAT1) recep-
tor (Scheme 12). By strategically introducing methionine at
different positions within transmembrane domains (TMDs)
111, VI, and VII, it was possible examine the interaction between
these modified sites and photoreactive ligands.'”® Upon photo-
activation, BP selectively labels methionine through the for-
mation of a charge-transfer complex. Subsequently, cyanogen
bromide (CNBr) cleavage generates distinct fragments,
thereby revealing specific ligand-receptor contact points.
Overall, BP-based photoreagents are valuable tools in

BP-Angiotensin Il type 1

View Article Online
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biochemical research, particularly in elucidating protein—-
ligand interactions.

Photoredox catalysis for
bioconjugation

Photocatalysis is a well-established domain in synthetic
chemistry,"”® that is also starting to find applications in the
functionalisation of biomolecules'®***** and protein labelling
in complex cellular environments.”*” Within this framework, a
photosensitive molecule that remains unreactive in its ground
state is added to a reaction mixture containing the biomolecule
of interest and an inactive substrate. Photoactivation of the
catalyst activates a chemical transformation of the substrate,
which then reacts with the protein (Scheme 1, mechanism iii).
As an example, McMillan and co-workers utilised the redox
properties of lumiflavin in its photoexcited state (Ey/, [PLF/LF* ] =
1.68 V) to facilitate site-selective N-arylation of phenoxazine on
the tyrosine residues of lysozyme (Scheme 13). The site-
selectivity of the photoredox system is explained by considering
solvent exposure of the amino acid substrates on the protein.
Lysozyme has three tyrosine residues (Y20, Y45, and Y54) within
its primary structure. Two of them (Y20 and Y54) are buried in
hydrophobic pockets or engage in cation—-n interactions, making
them sterically inaccessible or unreactive. On the other hand, Y45 is
presented on the protein surface and is solvent-accessible, thus
making it a readily available reactive handle. Upon excitation by
visible light, the photocatalyst (PC) lumiflavin transforms into the
corresponding nitrogen-based triplet diradical, which can abstract
a hydrogen atom from phenoxazine, producing the corresponding
N-radical. The phenoxazine radical then combines with Y45 by
expelling a proton and concomitantly reducing lumiflavin to the
corresponding dihydro form. The dihydrolumiflavin is then oxi-
dized back to the original lumiflavin by oxygen closing the catalytic
cycle. The phenoxazine scaffold allows versatile functional group
tolerance. For instance, a phenoxazine dialdehyde was employed as

183

Scheme 12 Benzophenones are chromophoric units that undergo reversible photoactivation to give a diradical species in either a singlet or triplet spin
state. This diradical can abstract hydrogen atoms from a protein of interest and insert into otherwise unreactive C-H bonds. In this example,
BP-derivatised angiotensin Il was irradiated with 365 nm light. The electronically excited BP subunit then inserted preferentially into a C—H bond of a

proximal methionine residue.?’®
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Scheme 13 Photoredox catalysis proceeds through light-activation of a catalyst which then initiates further chemical transformations on a substrate
that can lead to protein bioconjugation. Here, lumiflavin (the photocatalyst, PC) is excited by 405 nm light and undergoes a radical process that abstracts
hydrogen from phenoxazine. The phenoxazine radical inserts site-specifically on tyrosine Y45 of lysozyme. By using phenoxazines decorated with
additional functional groups (e.g. aldehydes) it is possible to perform further reactions at the heterocycle 8> Although site-selectively was reported in this
example, for other proteins like mAbs, which present many solvent exposed tyrosine residues, the method is unlikely to be regioselective.

a site-selective reagent for introducing reactive aldehyde groups on
protein. Subsequent imination of the aldehydes provided a simple
synthetic pathway for introducing additional functional fragments
such as fluorophores, affinity tags, terminal alkynes and azides.
Notably, the reaction is metal-ion free and operates under mild
conditions."®* Similar strategies that target methionine residues to
install functional groups on aprotinin, lactalbumin, myoglobin,
human growth hormone, ribonuclease A, and carbonic anhydrase
in a site-selective fashion were also reported.'®

In other examples, the group of Chien-Wei Chiang reported
on the use of triphenylpyrylium tetrafluoroborates as photo-
sensitisers for biocompatible photoredox catalysis that facil-
itates the introduction of pyrazole derivatives on phenylalanine
residues under blue light irradiation."®® Chatterjee and co-
workers labelled site-specifically 5-hydroxytryptophan protein
derivatives by using methylene blue as the photosensitiser and
455 nm light irradiation."®” Waser and colleagues reported
photoredox catalysed decarboxylative alkynylation to produced
peptides with alkynes at the C-terminus. This interesting reac-
tion utilised organic dyes to derivatise peptides in the presence of
hypervalent iodine compounds, which acted as the alkynyl transfer
reagent.’® For a comprehensive discussion of metal complex
photocatalysed reactions, we direct the reader to recent review by
De Jesus et al.'® Collectively, these advancements underscore the
versatility and potential of photoredox catalysis to enable chemo- or
potentially site-selective modifications on proteins and peptides,
though we note that care must be taken to avoid reaction condi-
tions or substrates that might lead to undesired redox reactions
(e.g disulfide reduction) on protein. This growing body of work
demonstrates the innovative approaches being developed to lever-
age visible light in both metal ion complex and organic dye
systems, ultimately broadening the tool-kit available for researchers
in chemical biology and organic synthesis.

Conclusions and outlook

This perspective provides a comprehensive overview of the
current state of play in the use of photochemical reaction to

This journal is © The Royal Society of Chemistry 2025

functionalise biologically active compounds including proteins
and peptides. Reaction characteristics and experimental con-
siderations that must be addressed during optimisation proce-
dures are described with common pitfalls and potential
solutions highlighted. Notable examples derived from both
historical and contemporary literature on photoinduced bio-
conjugation chemistry are presented. In most cases, the pri-
mary biological substrates used are proteins and polypeptides,
while other significant biomolecules have been largely
neglected. Consequently, there remains unexplored opportu-
nity for adapting photochemical technologies to functionalise
carbohydrates, nucleic acids, and lipids through light-induced
reactions. These biomolecules exhibit reactivity patterns that
differ markedly from those of proteins and amino acids. Also of
particular interest in the future will be the development of
bioorthogonal and site-selective photochemical reactions. Con-
sidering the broad range of photochemical reactions that
remain to be tested in a biological context, and the untapped
potential of using new types of covalent bond to construct
functional molecules like antibody-drug conjguates for ima-
ging and therapy, we believe that that the future looks bright
for light-induced biomolecule labelling technologies.
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