Bioorg. Med. Chem. Lett. 87 (2023) 129264

ELSEVIER

Contents lists available at ScienceDirect
Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier.com/locate/bmcl

“ =Bl Bicorganic & Medicinal

Check for

Oxidation-labile linkers for controlled drug delivery e

Aitor Carneiro®, Lourdes Santana b, Maria Joao Matos ™"

& CIQUP-IMS, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade do Porto, Rua do Campo Alegre 687, 4169-007 Porto, Portugal
® Departamento de Quimica Orgéanica, Facultad de Farmacia, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain

ARTICLE INFO ABSTRACT

Keywords:
Bioconjugates: Linkers
Oxidative stress

Drug development

The continuous symbiosis throughout chemical biology and drug discovery has led to the design of innovative
bifunctional molecules for targeted and controlled drug delivery. Among the different tools, protein-drug and
peptide-drug conjugates are trend approaches to achieve targeted delivery, selectivity and efficacy. To meet the
main goals of these bioconjugates, the selection of the appropriate payloads and linkers is crucial, as they must

provide in vivo stability, while they may also help to achieve the therapeutic target and action. In neurode-
generative diseases or some cancer types, where oxidative stress plays an important role, linkers sensitive to
oxidative conditions may be able to release the drug once the conjugate achieves the target. Considering specially
this specific application, this mini-review covers the most relevant publications on oxidation-labile linkers.

Introduction

Bioconjugates containing an antibody, nanobody, protein or peptide
and a specific drug are an ongoing trend within chemical biology.">*
Chemoselective modification of proteins and peptides with a bioactive
compound is useful to improve the selectivity of its biological action, by
directing the drug to a specific site, and promoting its delivery.”® The
construction of the right structure to allow the transport and the passage
through biological barriers is crucial. Therefore, the linker that brings
the different parts of the conjugate together is a very important piece of
this puzzle. This linker must be appropriate to the expected use of the
conjugate, and it should not interfere with either the biomolecule or the
drug function, being at the same time biocompatible and non-toxic.’

The development of antibody-drug conjugates (ADCs) is being
explored mainly in oncology, where the delivery of a cytotoxic drug to
specific cells may surpass important side effects of the therapeutics on
healthy cells.”’® Another field in which these approaches may be inter-
esting is neurodegeneration. Neurodegenerative diseases are complex
pathologies, highly prevalent all over the world, causing a big impact on
the global health.” Most of these diseases remain incurable, and many of
the approved therapies can only palliate the symptoms, failing to reverse
the progression of the disease.'’ As example, exogenous delivery of
antioxidants to the brain holds promise to alleviate oxidative stress to
regain the redox balance.'! However, one of the principal handicaps to
the effectiveness of the therapeutics is the presence of the blood-brain
barrier (BBB). This physiological barrier prevents the passage of
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xenobiotics into the central nervous system (CNS). Even if this mecha-
nism is essential to protect the brain from toxic compounds, it also af-
fects the ability of some drugs to reach the targets.'” However, there are
substances that may achieve the CNS via specific transporters, among
which some peptides and proteins can be found.'® This has been the
inspiration for the design of new conjugates capable to reach the brain,
avoiding physiologic membranes and efflux pumps.'* Innovative ther-
apeutic approaches for these complex and multifactorial diseases are
urgent, and bioconjugation is opening new doors.

Neurodegenerative disorders present some special conditions that
may be unique and useful for the design of new strategies to controlled
drug release.'>'® The increased oxidative stress observed within the
CNS when neurodegenerative diseases are established is inspiring the
design of new linkers able to delivery drugs in the presence of reactive
oxygen species (ROS).'” High levels of ROS have also been found in
different cancers.'® Suitable linkers for this class of conjugates should be
able to take advantage of this property to be cleaved in these conditions
while being stable in the peripheral circulation (Fig. 1).

This mini-review aims to analyze the different options currently
available for the design and synthesis of chemical linkers that can be
cleaved in mild oxidative environments. Bibliographic sources as Sci-
Finder, Mendley and PubMed have been consulted in order to highlight
the most relevant research articles and reviews within the field. The
criteria for the selection of relevant materials have focused on the
amount of data from each author and the impact of the publication
within the field. Due to the wide range of the topic, a wide variety of

Received 2 March 2023; Received in revised form 29 March 2023; Accepted 30 March 2023

Available online 31 March 2023

0960-894X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:mariajoao.correiapinto@usc.es
www.sciencedirect.com/science/journal/0960894X
https://www.elsevier.com/locate/bmcl
https://doi.org/10.1016/j.bmcl.2023.129264
https://doi.org/10.1016/j.bmcl.2023.129264
https://doi.org/10.1016/j.bmcl.2023.129264
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmcl.2023.129264&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Carneiro et al.

Fig. 1. Schematic representation of ROS-responsive drug delivery systems
made up of a biomolecule (protein, antibody, nanobody or peptide), a ROS
sensitive linker and the drug of interest.

journals from different fields has been examined, giving a more holistic
view of the subject of study. Although efforts have been made to include
as much relevant published information as possible, this BMCL Digest
tries to provide a quick and concise overview of the subject. In this sense,
the families of the most relevant linkers are organized considering their
chemical structure. This division allows the discussion of six different
categories (aryl boronates, aryl hydrazides, diazoborines, thioacetals
and thioketals, thiazolidinones, vinyldithioethers, Fig. 2) that are going
to be discussed in terms of their feasibility to be implemented in drug
conjugation techniques.

Aryl boronates, comprising both phenylboronic acids and
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phenylboronic esters, are susceptible to oxidative cleavage in the pres-
ence of hydrogen peroxide (H2O2, Fig. 2A).'° The activation mode in-
volves a nucleophilic attack by HyO, to the electron-deficient boron
atom of the aryl boronate. Subsequently, these species undergo a
Baeyer-Villiger oxidation-like transformation that can help the release of
a conjugated drug.’’ These boron-containing linkers allow the possi-
bility of conjugating drugs bearing a free hydroxyl group. The selected
biomolecule may be feasible to attach, given the electrophilicity of the
boronate®’ and the variety of nucleophilic groups present in amino
acids. This would lead to the formation of a stable biomolecule-drug
conjugate that could be activated once exposed to a high level of
H»0,, which is likely to happen in cells affected by oxidative stress.

Despite the limited scope of this kind of linkers, they are a potentially
valuable option to explore when a suitable functional group is present in
the drug of interest. They are easily accessed synthetically, and the
conditions required for the cleavage can be specific enough to get them
directly to the area where the therapeutic action is needed. Further
studies are needed to confirm this hypothesis.

Aryl hydrazides have been long known to be cleaved by oxidants to
produce arenes and nitrogen via dehydrogenation, as shown in Fig. 2B.%>
This reactivity was exploited to facilitate solid-phase synthesis,”> with
optimization studies carried out to evaluate the specific oxidative con-
ditions required to break the linker.

Adapting these findings about the oxidative cleavage of aryl hydra-
zides to drug conjugation can be feasible, considering that the byprod-
ucts of the reaction are nitrogen gas, biologically inert and easily
eliminated via exhalation, and a carboxylic acid derivative, as the major
nucleophile in the human body is water, while the drug with a terminal

Fig. 2. Examples of the cleavage of the most relevant
linkers sensitive to oxidation stimuli. A. Oxidative
cleavage of a phenyl boronate linker in the presence
of Hy0O,. B. Oxidative cleavage of an aryl hydrazide
via dehydrogenation. C. Oxidative cleavage of a
diazoborine via a hydrolysis-susceptible hydrazone.
D. Oxidative cleavage of thioacetal/thioketal in the
presence of ROS. E. Oxidative cleavage of a thiazoli-
dinone linker in the presence of H,0,. F. Oxidative
cleavage of a vinyldithioether linker in the presence of
10,.
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aryl group is released.’* This feature can be considered to design the
corresponding aryl hydrazide-based linkers to release a particular amino
acid after cleavage. This can be easily synthetically achieved and would
lead to the in vivo release of the drug along with non-toxic chemical
species.zs.

The high concentration of ROS in a human brain affected by oxida-
tive stress due to a neurodegenerative disease, for example, can generate
the appropriate conditions for the cleavage. While further exploration
must be made, testing this possibility, along with the stability of the
conjugates in peripheral circulation, could result in the implementation
of aryl hydrazides as potential oxidation-labile linkers for drug conju-
gation to be explored for CNS diseases.”® As a drawback, this strategy
would only be possible in the case of drugs that present terminal aryl
groups, as this motif is required to perform the reaction.

A synthetic ROS-responsive homogeneous ADC highly selective and
cytotoxic to B-cell lymphoma (CLBL-1 cell line, IC59 = 54.1 nM) has been
recently described for the first time (Fig. 2C).>” The synthesis of this
ADC, a turning point within the field, has been possible due to the dis-
covery that diazaborines are a very effective ROS-responsive unit that
are also very stable in physiologic conditions (studied in buffer) and in
plasma. The oxidation mechanism of these linkers proved to be similar
to the aromatic boronic acids.”® Diazaborines very fast formation rate
and modularity enabled the construction of different ROS-responsive
linkers featuring self-immolative modules, bioorthogonal functions,
and bioconjugation handles.

These conjugates are a new class of therapeutics that combine the
lethality of potent cytotoxic drugs with the targeting ability of anti-
bodies to selectively deliver drugs to cancer cells in which high levels of
ROS may be involved. This approach can also be applied to neurode-
generative disorders, using the right biomolecule able to cross the BBB
and the ideal payload.

As already discussed in a review focused on drug delivery systems,
sulfur-containing motifs can be used as oxidation-labile linkers.?° These
linkers can be subclassified in terms of the reactive functional group in
thioacetals/thioketals, thiazolidinones and vinylthioethers.

Thioacetals and thioketals are sulfur analogs of the more common
oxygen-containing acetals and ketals. These sulfur species are known to
be stable in both acidic and basic conditions, but they are nonetheless
able to be cleaved in oxidative conditions, as shown in Fig. 2D.>° This
cleavage of a potential thioketal-based linker would release a ketone and
a disulfide when exposed to a high concentration of ROS. Thus, it can be
feasible to use this kind of linkers to attach a ketone-containing drug to
the correspondent biomolecule. Care should be taken with the disulfide
byproduct, as these species can lead to secondary effects, such as bad
odor.®! Nonetheless, it can be speculated that these secondary effects
can be mitigated by modifying the structure of the thioketal to ensure
that the byproduct formed is not harmful.

A thiazolidinone is a heterocycle containing sulfur and nitrogen that
can act as a leaving group after nucleophilic attack by HyO5,%? which is
present in living cells as a ROS (Fig. 2E).?° The reactivity inherent to this
chemical moiety enables the design of thiazolidinone-linked conjugates
to release drugs containing a carboxylic functional group, a strategy that
has already been used for prodrug purposes.*.

Carboxylic acid-containing compounds are usually too polar to get
into cells, so they tend to be masked with an ester group to improve their
diffusion properties with prodrug approaches. °* Considering this
strategy as a reference, using thiazolidinone linkers could enable drug
delivery strategies to transport the relevant compounds directly into the
cells affected by oxidative stress, while releasing their cargo after
exposure to ROS. Therefore, this kind of linkers, while specific to
carboxyl-containing drugs, can be expected to show promising appli-
cations in the therapeutic field, while further studies are needed to
confirm the hypothesis.

A vinyldithioether is an olefin-containing structure that can undergo
a [2 + 2] cycloaddition with singlet oxygen (102) when exposed to ul-
traviolet (UV) light. This reaction leads to the formation of unstable
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dioxetanes, that get fragmented under physiological conditions to form
two carbonyl groups that subsequently get cleaved to yield the two
corresponding thiol derivatives, as shown in Fig. 2F.%°,

The main drawback of this type of linkers is that they need external
UV light for their activation, although this does not prevent them from
finding their use in cancer therapy. This is consistent with the applica-
tions that have been reported in the literature.*® Despite its limitations,
the chemical nature of this linker arises some advantages, such as the
possibility of attaching it directly to a cysteine residue in a potential
biomolecule. Furthermore, it has proven to be sufficiently stable in
biological systems.’” These features make vinyldithioethers a suitable
option to be considered in particular contexts for drug conjugation,
while the conditions required for their activation discard them as uni-
versal linkers.

Other types of moieties able to be cleaved by ROS have been reported
in the literature in addition to those already presented in this mini-
review. Among them, selenium and tellurium linkers must be high-
lighted due to their novelty and versatility. The species containing these
atoms in their structure get cleaved in oxidative conditions if they are
carefully designed to form unstable intermediates that react spontane-
ously to release the drug. This strategy is described in more depth in the
original reference.*® This approach may be an alternative for metabolic
chemical reactions occurring in an oxidative environment in cells and
tissues.

The ability to use fewer common atoms for medicinal chemistry
purposes make these strategies have a great scientific interest beyond
their applications as oxidation-labile linkers, such as the study of cage
complexes in bioinorganic chemistry, and progress in these approaches
is expected.

Conclusions

The continuous progress of chemical biology and medicinal chem-
istry enabled the possibility of approaching new strategies beyond the
traditional small molecules design. One of them is the development of
drug conjugates to improve the pharmacokinetic profile of drugs and
increase their selectivity and efficacy. These strategies can be particu-
larly fitted for those diseases where oxidative stress plays an important
role, such as neurodegenerative diseases or cancer, as conjugates can be
designed to release the drug in these specific conditions. Together with
drug delivery systems, ROS labile linkers may find interesting applica-
tions in prodrug and fluorescent probes design. For these purposes, the
linker employed must be responsive to ROS and be cleaved in their
presence. The system may bring the conjugate to the affected cells and
be activated at a specific location. There are several options available to
perform this drug conjugation techniques, as this mini-review has aimed
to cover. Among them, aryl hydrazides, sulfur-containing linkers and
aryl boronates have been reported as the most common and reliable
ones, while different options are found related to the use of selenium or
tellurium. There are more chemical species that can be considered for
this matter, having this review been focused on those that have been
more studied. This is a topic that can be expected to be further explored
in the near future with the rise of heterobifunctional molecules in drug
development requiring advances in the arsenal of ROS-cleavable linkers.
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