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The growing prospects of dynamic covalent

chemistry in delivery applications

Sébastien ULRICH*

IBMM, Université de Montpellier, CNRS, ENSCM, UM, Montpellier, France.

CONSPECTUS

Delivery remains a major obstacle restricting the e
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DYNAMIC COVALENT CONJUGATES

potential action of small molecular drugs as well as novel
biologics which cannot readily enter cells without the help
of a vector. A successful active delivery process involves
three steps: a) tagging the drug with a vector, b) effective
trafficking of this [drug-vector] conjugate through
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biological barriers, and finally c) controlled drug release. DYNAMIC COVALENT VECTORS
While covalent bond formation and/or supramolecular
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association is involved in the making of the [drug-vector] DYNAMIC '
conjugate, the final step requires precisely a controlled - COVALENT
dissociation in order to trigger drug release. Therefore, in & S———-"> TARGETING

pursuit of smart, effective and non-toxic delivery systems,
it has become widely recognized that a control over
dynamic self-assembly could unleash the efficacy of artificial vectors.

In this Account, | discuss our endeavours, and those of colleagues, in the recent implementation of Dynamic Covalent Chemistry (DCvC) in
delivery applications. DCvC exploits reversible covalent reactions to generate covalent systems that can self-fabricate, adapt, respond, and fall
apart in a controlled fashion. A privileged set of reversible covalent reactions has emerged in the community working on delivery applications
and is based on: condensation reactions (imine, acylhydrazone, oxime), disulfide, and boronate ester formations. The latest developments making
this chemistry particularly attractive for such a DCvC approach are discussed. The rational justifying the potential of DCvC in delivery is based
on the principle that using such reversible covalent reactions afford transient [drug-vector] conjugates which form spontaneously and
chemoselectively, then adapt and self-correct their structure during self-assembly and trafficking thanks to the dynamic nature of the reversible
covalent bonds, and finally respond to physico-chemical stimuli such as pH and redox changes, thereby enabling controlled dissociation and
concomitant drug release. For these reasons, DCvC has recently emerged as a leverage tool with growing prospects for advancing toward smarter
delivery systems. The implementation of DCvC can follow three approaches that are discussed herein: 1) dynamic covalent bioconjugates,
involving the transient covalent conjugation with a vector, 2) dynamic covalent vectors, involving the controlled dynamic and adaptive assembly
and disassembly of vectors that complex drugs through supramolecular association, and 3) dynamic covalent targeting, involving the transient



chemoselective formation of covalent bonds with the constituents of cell membranes.

While DCvC has already attracted interest in material sciences, the recent results described in this Account showcase the vast potential of
DCvC in biological sciences, and in particular in delivery applications where self-fabricated, adaptive, and responsive devices are of utmost
importance.

INTRODUCTION

Reversible reactions were seen for a long time in the history of organic chemistry as undesired
because they proceed with low conversions, low reaction yields, and lead to unstable products.
This view has drastically changed during the last two decades thanks to the development of
dynamic covalent chemistry (DCvC)'™ which revealed a unique feature of chemical systems
built using reversible reactions: they can form, adapt, respond, and fall apart in a dynamic
fashion in response to changes in medium composition, in physical parameters (temperature,
concentration, etc), or in the presence of complementary or templating partners.”® While non-
covalent assemblies are by essence dynamic and adaptive on the supramolecular level, DCvC
provides an access to dynamic and adaptive covalent systems which may be more robust and
easier to characterize. In that sense, the field of DCvC perfectly fits the missing gap between the

colloquial representation of static molecular chemistry and labile supramolecular chemistry

(Figure 1).
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Figure 1. Representation of dynamic covalent chemistry as a bridge between molecular and
supramolecular chemistry, enabling access to covalent and stable yet dynamic molecular

assemblies.

Back in the 90’s, dynamic combinatorial chemistry emerged as a first implementation of DCvC
in medicinal chemistry.” Simply by analysing the constitutional changes that result from
selective templating effects in the presence of a biological target, one can identify, in a one-pot
process, the best-fitted compounds which are self-amplified. Although it comes with the
analytical challenge of characterizing complex mixtures, this approach beautifully exploit the
adaptive behaviour of dynamic chemical systems. DCvC has then been particularly used in
material sciences for making self-fabricating materials such as dynamic polymers, responsive
sensors, adaptive membranes, and dynamic networks that display controlled degradation,
constitutional adaptation or self-healing properties.'®"* However, the deliberate application of
DCvC in biological sciences is a much more recent adventure.'* In this Account, I summarize the
most significant progresses recently made in delivery applications where dynamic covalent

systems can be particularly impactful.
RATIONAL FOR USING DYNAMIC CHEMISTRY IN DELIVERY APPLICATIONS

Delivery remains a major and central issue restricting the action of small molecule drugs and
novel biologics (e.g. DNA, siRNA, miRNA, proteins, enzymes). The recent introduction of
supramolecular design principles (i.e. autonomous, programmed or adaptive, dynamic self-
assemblies) has opened up an interesting new direction in delivery applications where the design
of “smart” dynamic and responsive vehicles is of utmost importance.'> Indeed, an active delivery

process requires tagging a vector to transport a drug that would otherwise not cross biological



barriers or be quickly degraded by endogenous enzymes. Three steps are critical in this process:
1) drug-vector association, then 2) trafficking of the [drug-vector] complex through biological
barriers, and finally 3) drug release. While adaptive self-assembly must be important in the first
two steps, controlled disassembly is clearly essential for the last step. Therefore, the design of
vectors that transiently associate with a drug, and not permanently like non-dynamic
macromolecular vectors, should therefore represent a major improvement in the field with a

strong potential for enhancing the efficacy of delivery.

REVERSIBLE COVALENT REACTIONS SUITED FOR DELIVERY APPLICATIONS

Choosing appropriate reversible covalent reactions is critical in a DCvC approach as it will
define the thermodynamic and kinetic features of the system. Ideally for biological applications,
self-assembly should take place at low concentration within a reasonable time-scale, operate
chemo-selectively in aqueous media at ambient temperature, yield stable assemblies, and at the

same time display an appropriate degree of controlled dissociation and fast responsiveness.

Because of these criteria, carbonyl condensation reactions (imine, acylhydrazone, oxime),
disulfide and boronate ester formations have become a very popular set of reactions in DCvC
geared toward bioapplications (Scheme 1). One sensible reason is the relatively straightforward
introduction of aldehydes/ketones, amine/hydrazine/hydrazide/aminooxy, thiols, and boronic

acids into small molecules and biomolecules such as peptide/proteins and nucleic acids.
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Scheme 1. Formation and structures of the most popular reversible covalent linkages used in

delivery applications by DCvC.

Condensation reactions. While imines usually show poor chemoselectivity and weak stability
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in aqueous media, oximes are stable linkages often used in bioconjugation.
acylhydrazones form chemoselectively in mild aqueous conditions, yet they remain dynamic and
can be hydrolysed in acidic conditions or exchanged by other hydrazides within hours. Their

formation usually requires weak acid catalysis and proceeds sluggishly at neutral physiological

pH. However, molecular engineering has recently led to the identification of fast a-
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nucleophiles, nucleophilic catalysts, and active buffers®® that dramatically speed up the
kinetic of (acyl)hydrazone and oxime formation and exchange, even at neutral pH (e.g. full
oxime formation achieved within 1 h at low pM concentration in biological buffer, pH 7.4°°),
making it a more practical tool for biological applications which use low concentration of
reactants and physiological pH. The reversibility of these condensation reactions has been

obviously exploited by dynamic combinatorial chemistry, but also in biological applications, for

instance to reverse formaldehyde fixing of cells.”’ Interestingly for delivery applications,



acylhydrazones are acid-sensitive. They are typically hydrolysed at acidic pH (pH = 4-6) which
is advantageous for triggering release in tumour tissues (pH = 6) or following endocytic cell

internalization (late endosomes have pH = 5.0-5.5).%

Disulfides. Disulfide formation is a reversible redox process: oxidation of thiols triggers
disulfide formation whereas reduction triggered by the reductive intracellular environment
caused by the high concentration (mM) of glutathione converts disulfides into thiols.
Additionally, disulfides can exchange in mild basic conditions (pH 7-8) through a nucleophilic

displacement mechanism involving the thiolate attack on the disulfide.”

Boronate esters. Boronate esters formation occurs in aqueous media by the reaction of boronic
acids with diols and the frequent occurrence of 1,2- and 1,3-diols in saccharides has opened new
applications for this reaction in delivery. Similarly to condensation reactions, the thermodynamic
parameters of boronate ester formation can be optimized through substituent effects. For
instance, Hall and co-workers have identified a click biorthogonal boronate that form reversibly
within minutes at low micromolar concentration in water and with sufficient stability (K¢q = 10°-
100 M.

DYNAMIC COVALENT BIOCONJUGATES

Tagging a cell-impermeable drug with a delivery vector is often not a transparent chemical
modification and can be detrimental to the efficacy of the drug. This is why a dynamic approach

which enables the controlled insertion, then the dissociation of the delivery tags triggering the

subsequent release of the unmodified original drug can be highly beneficial.



Boronic acids were already proposed in the mid 90’s for the delivery of sugars into liposomes
through the transient and reversible formation of boronate linkages.*'** In 2015, Gale and co-
workers reported a dynamic covalent approach to the transmembrane transport of amino acids in
vesicles.* Their approach exploits an early finding that water-soluble aldehydes such as
formaldehyde, acetaldehyde and pyridoxal, facilitate the diffusion of several amino-acids across
lipid membranes, possibly due to a transient covalent self-assembly rendering the corresponding
product more lipophilic — thus capable of diffusing through the membrane — while hydrolysis
then releases the free amino-acid after diffusion.’* The authors designed an elegant three-
component self-assembly system made of an amino-acid (glycine), a hydrogen bonding donor
(squaramide) to bind the carboxylate group, and a lipophilic aldehyde for binding the amino
group through imine/hemiaminal formation (Figure 2). The results revealed a synergistic effect
of the dual binders and demonstrated the key role of DCvC through hemiaminal formation which

promotes transmembrane diffusion.
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Figure 2. Principle of transmembrane transport of glycine by combining supramolecular
interactions and dynamic covalent chemistry in a three-component self-assembly. Ar: 3,5-

bis(trifluoromethyl)-benzene.
DYNAMIC COVALENT VECTORS

Vectors that complex drugs through non-covalent interactions are part of a supramolecular
delivery approach that has become very popular in gene delivery. Oligonucleotides do not
effectively pass through cell membranes because of hydrophilicity and charge repulsion with cell
membrane constituents, and are also easily degraded by endogenous nucleases. As a result,
vectors that protect them from this degradation and assist their intracellular delivery are very
much needed. Synthetic vectors based on cationic macromolecules were first explored to this
end.””*® However, these non-dynamic vectors suffer from their inability to release the

transported oligonucleotides after cell penetration, and their non-degradability lead to



accumulation within cells and toxic side-effects. Thus, synthetic vectors have unfortunately not
yet outpaced viral vectors,’” and smarter designs are needed.***° Several groups including ours
have therefore recently implemented a DCvC approach in order to generate smart vectors that

self-assemble, adapt and degrade in a controlled manner.

Covalent vectors by self-assembly. In 2012, we initiated a research program on dynamic
covalent polymers (DCPs)'' for gene delivery. We were particularly interested in inserting the
reversible covalent linkage within the main-chain of these polymers, with the general objective
of obtaining dynamic polymers that can grow in the appropriate conditions and/or in the presence
of a templating oligonucleotide while being susceptible to acid-triggered degradation. Our
reasoning is that this growth and collapse process should switch on and off, respectively,
multivalent interactions that are commonly at play when complexing nucleic acids. Our first
generation of DCPs results from the covalent self-assembly of cationic bisaldehydes with short
pegylated bishydrazides, respectively (Figure 3A).*! Polymer formation, occurring through a
polycondensation under thermodynamic control, was evidenced by DOSY-NMR above a
threshold concentration of 10 mM, while macrocycles predominate in dilute solutions. The DCPs
can undergo hydrolytic depolymerization at acidic pH (4-5) in aqueous media or by treatment
with methoxyamine that operate hydrazone-to-oxime covalent exchanges, while being stable at
neutral pH. Finally, both ethidium bromide displacement assays and gel electrophoresis
confirmed the ability of these DCPs to effectively complex DNA through multivalent
interactions, whereas the starting cationic monomers remain inactive. Recently, we have reported
the design of a second generation of DCPs that incorporates modified amino acids building
blocks and, in addition to the acid-sensitive acylhydrazones, redox-sensitive disulfides, thereby

enabling access to multi-component and multi-dynamic biomolecular DCPs* by covalent self-



assembly (Figure 3B).* We have found that these short DCPs (DP = 7) effectively condense not
only DNA but also siRNA. Nanoparticles of 70-160 nm in diameter have been characterized by
dynamic light scattering and cell studies have demonstrated an effective delivery and knockdown

of luciferase activity in a MCF7-Luc cell line.
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Figure 3. Covalent self-assembly of dynamic covalent polymers for DNA complexation and
siRNA delivery. A) example of 1 generation of cationic polyacylhydrazones; B) 2™ generation

incorporating modified amino acids and redox-sensitive disulfides.

Using the same acylhydrazone technology, Fernandez-Trillo, Montenegro and co-workers have
described in 2016 the side-chain functionalization of polyhydrazide polymer scaffolds of

different lengths through multiple acyhydrazones and their use for siRNA and DNA plasmid
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delivery.**** This concept™® has been subsequently extended to a-helical peptide scaffolds*’ with
a successful application in gene edition.*® Different combinations of complementary cationic
head groups and lipophilic tails were screened — exploiting elegantly the synthetic versatility of
the DCvC screening approach that was initially reported in the Matile group in the context of

amphiphilic transporters of polyions (Figure 4A)*>

— and effective vectors for the delivery of
siRNA were identified. While working on peptide-based cationic clusters for DNA
complexation, we also reported in 2015 a similar fragment screening approach using a
fluorescence assay on a 96-well plate format that enable the rapid testing of different types of
peptide scaffolds and binding groups (Figure 4B).” We selected the most effective DNA
binders, composed of a cyclic peptide grafted with multiple cationic side groups, and

subsequently tested siRNA complexation and siRNA delivery, achieving the successful

identification of an effective vector that deliver siRNA in living cells.
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A) Post-functionalization of polymer scaffolds by DCvC
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Figure 4. Post-functionalization of scaffolds by DCvC. A) amphiphilic polyhydrazones; B)
cationic peptide clusters. Fragments screening is illustrated through a 96-well plate fluorescence
assay that enable identification of DNA binders, which were then successfully tested in siRNA
delivery. Adapted with permission from ref. 53. Copyright 2015 The Royal Society of

Chemistry.

The trend of going toward self-fabricated vectors has also been applied to disulfide-based
systems. Early on, examples from the groups of Behr and Rice have pointed out that in situ
cross-linking through disulfide formation enhances nucleic acid condensation into peptide-based
nanoparticles.”*>® Then it was shown that poly-L-lysines appended with thiol groups at both N
and C termini undergo oxidative step-growth polymerization, yielding cationic polymers capable

of delivering DNA in cells.”” More recently, oligoarginine cell-penetrating peptides equipped

12



with terminal cysteines were shown to readily penetrate cells in oxidative condition that trigger
disulfide bridge formation.”® Using ring-opening polymerization, Matile and co-workers created,

in a one-step substrate-initiated synthesis,” cationic poly(disulfide)s for the intracellular and

redox-sensitive delivery of fluorescence dyes, small-molecule drugs, and even proteins,*

liposomes and polymersomes®' (Figure 5).%
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Figure 5. Ring opening polymerization of cyclic disulfides for the generation of cationic cell-
penetrating poly(disulfide)s. Reproduced with permission from ref. 59. Copyright 2013

American Chemical Society.

Exploring the combination of DCvC with orthogonal self-assembly processes, we have recently
reported on the coordination-driven self-assembly of multivalent metallo-supramolecular

assemblies for DNA complexation.®**

Adaptive self-assembly. Whereas these examples follow more a programmed self-assembly
process where the structure of building blocks dictate the nature of the resulting self-assembly,
the dynamic of systems that are build using reversible covalent reactions make them adaptive
and capable of self-correction in the presence of oligonucleotides. Several examples have
reported structural adaptation of supramolecular complexes to templating oligonucleotides.®>’

We have tested the constitutional adaptation of dynamic combinatorial libraries of multivalent

cationic peptide-based clusters to the presence of DNA. A series of competition experiments,
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where neutral and cationic hydrazides compete for a single tetraaldehyde peptide scaffold, led to
the conclusion that, in the appropriate non-dissociative conditions, DNA act as a template that
induces the thermodynamic selection of the best fragments, through component exchange and
template-accelerated ligation, and the amplification of the most active assembly from the mixture
(Figure 6A).%® This approach alleviates the need for screening approaches and may lead to

improved binders that are self-fitted to the target. The group of Barboiu has also proposed such

69-72

approach using imine-based dynamic covalent frameworks (Figure 6B).
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Figure 6. Constitutional adaptation of A) peptide clusters (adapted with permission from ref. 68.
Copyright 2015 Wiley-VCH) and B) dynamic covalent frameworks to templating DNA

(reproduced with permission from ref. 70. Copyright 2015 The Royal Society of Chemistry).

Also in 2015, while working on guanidinium-based molecular glues for multivalent biomolecular
recognition,73 the group of Aida came across a small water-soluble tetraguanydilated dithiol
which undergo a template-assisted oxidative polymerization in presence of siRNA, leading to
polydisulfide nanocaplets of small and uniform size.”* Depolymerization in the reductive

cytosolic environment was shown to liberate the packaged siRNA (Figure 7).
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Figure 7. Templated polymerization. (a) Molecular structure of water-soluble tetraguanydilated
dithiol ™“Guy; (b) principle of siRNA-templated oxidative polymerization and reductive
depolymerisation. Reproduced with permission from ref. 73. Copyright 2017 The Royal Society

of Chemistry.

Besides the constitutional adaptation to templating oligonucleotides, Matile and co-workers have
found that DCvC, and specifically disulfide exchange, can also occur on cell membranes during
the trafficking toward cell entry (Figure 8). Intermediate disulfides with the transferrin receptor
were found by proteomic analysis to be involved in the cell internalization mechanism of cyclic

. 75 . . . cq . . . .
disulfides,” showing an improvement in cell uptake with increasing ring tension.”®”’
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Figure 8. Principle of receptor-mediated DCvC occurring on cell membranes and promoting the
internalization of cyclic disulfides. Adapted with permission from ref. 77. Copyright 2015

Wiley-VCH.

Controlled disassembly. DCvC also enables imposing constitutional changes for modulating or
switching bioactivity. In the context of gene delivery, it is particularly interesting to be able to
trigger decomplexation in a controlled fashion. For instance, disulfide reduction can be triggered
by the intracellular environment and lead to vector degradation and concomitant drug release.”
The cationic poly(disulfide)s of Matile were found to depolymerize rapidly within minutes after
intracellular reduction, which minimized their toxicity.””” Rapidly depolymerizing
poly(disulfide)s enter cytosol where they release their cargo upon intracellular reduction, while
slower depolymerizing poly(disulfide)s can transit to cell nuclei, thus showing the importance
but also the vast opportunities given by tuning the thermodynamic features of reversible covalent
reactions.””*” We have used the fact that oximes are thermodynamically more stable than

acylhydrazones to operate a directed acylhydrazone-to-oxime exchange reaction.*'**

Using
methoxyamine, we have been able to demonstrate the principle of chemically-triggered DNA

decomplexation that results from the conversion of active cationic multivalent systems into

inactive neutral assemblies through DCvC (Figure 9).%
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Figure 9. Principle of chemically-triggered DNA decomplexation by DCvC. Adapted with

permission from ref. 68. Copyright 2015 Wiley-VCH.
DYNAMIC COVALENT TARGETING

Cell membranes contain a number of naturally occurring reactive groups at their surfaces which
may be used to achieve selective membrane binding through dynamic covalent bond formation.
Boronic acids can readily react with saccharides that are naturally present on membrane-bound
glycoproteins. Such transient and traceless covalent bond formation can be harnessed to deliver
pDNA™ and polar proteins**** in mammalian cells (Figure 10A). Interestingly, some
benzoxaboroles® and heterocyclic boronic acids™ have shown selectivity for sialic acids that are
abundant in the glycocalyx of cancer cells. More recently, Gao and co-workers have used
iminoboronate chemistry to target bacteria via specific binding to amine-presenting lipids

(Figure 10B).*7*8
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Figure 10. Selective covalent cell targeting through A) boronate ester formation and B)
iminoboronate formation, for protein delivery and fluorescence labelling, respectively. PE:
phosphatidylethanolamine; Lys-PG: lysylphosphatidylglycerol. Reprinted with permissions from

ref. 84 (Copyright 2016 American Chemical Society) and 88 (Copyright 2015, Springer Nature).

Reversible covalent bonding with free thiols present in membrane proteins can also be harnessed
for cell delivery, as illustrated with disulfide (vide supra) and diselenolane®® systems. Chemical
biology techniques are nowadays available for artificially remodelling cell membranes to display
reactive tags.”® Early on, the group of Bertozzi pioneered the use of oxime/hydrazone reactions

91,92
”“ More recently, Yousaf and co-workers

on cell membranes displaying reactive carbonyls.
showed that oxime ligation can be performed on an engineered cell surface in order to deliver
nucleic acids through dynamic covalent targeting (Figure 11).”* The authors used delivery and
fusion of engineered liposomes to introduce reactive ketones on cell membranes. A

complementary lipoplex featuring oxyamines on the lipid outer shell then reacts with the

modified cells, which lead to effective transfection. While the chemoselectivity of the covalent

18



reactions enable precision delivery to tagged cells, the importance of the reversibility of this
reaction remains in this case an open question. Eventually, in vivo applications will require
selective insertion of exogenous lipids into the desired cell membranes — a difficult challenge

ahead.
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Figure 11. Principle of cell transfection operated chemoselectively through oxime bond
formation between engineered cells displaying ketones and lipoplexes featuring oxyamines.

Reproduced with permission from ref. 93. Copyright 2017 American Chemical Society.

SUMMARY AND OUTLOOK

The recent implementation of DCvC in delivery applications has followed three approaches:
dynamic covalent bioconjugates, dynamic covalent vectors, and dynamic covalent targeting.
Dynamic covalent bioconjugates are transient species that help stabilize and deliver the cargo
while the final release triggered by covalent bond dissociation restores the activity of the
untagged drug. Dynamic covalent vectors represent a class of “smart” vectors which 1) are self-

fabricated by covalent self-assembly, ii) adapt their covalent structure through reversible bond
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formation/dissociation to the cargo and possibly to the biological barriers encountered during the
delivery process, iii) are responsive to internal/external physico-chemical stimuli and can be
deliberately manipulated by DCvC in order to trigger drug release. Finally, emerging reports also
indicate the feasibility of chemo-selective and cell-specific dynamic covalent targeting. The
concepts have now been established and illustrate the strong potential of such smart systems —
which are self-fabricated in a bottom-up fashion, self-fitted by adaptation, and responsive to
physico-chemical stimuli in order to trigger vector degradation and concomitant active drug
release — to outperform non-dynamic systems in delivery applications. Yet, several challenges lie
ahead such as managing the toxicity of the reactive building blocks that are released upon
dissociation, and of the adaptive self-assemblies. Clever design of integrated delivery system and
fine-engineering of the thermodynamic features of the reversible covalent bond to achieve
spatially- and temporally-controlled effective and safe drug release will be required for the

successful translation into practical applications.
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