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of Chemistry Bioorthogonal chemistry has enabled scientists to carry out controlled chemical processes in high yields in
vivo while minimizing hazardous effects. Its extension to the field of polyoxometalates (POMs) could open
up new possibilities and new applications in molecular electronics, sensing and catalysis, including inside
living cells. However, this comes with many challenges that need to be addressed to effectively
implement and exploit bioorthogonal reactions in the chemistry of POMs. In particular, how to protect
POMs from the biological environment but make their reactivity selective towards specific bioorthogonal

tags (and thereby reduce their toxicity), as well as which bioorthogonal chemistry protocols are suitable
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perspective conceptualizes and discusses advances in the supramolecular chemistry of POMs, their click

DOI: 10.1039/d35c06284h chemistry, and POM-based surface engineering to develop innovative bioorthogonal approaches tailored
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1 Introduction

Over the past decades, chemistry has been significantly
enriched by new revolutionary approaches that force
researchers to take a fresh look and completely rethink
molecular design and the creation of new materials. The
breakthrough discoveries of click chemistry by Meldal* and
Sharpless® and the further development of bioorthogonal
chemistry by Bertozzi® redefined the limits of what was
possible and gave chemists an extremely powerful and
versatile set of tools for the construction of molecular
assemblies.*® Many transformations that required complex
conditions and water—-oxygen reaction media were adapted for
implementation on biological objects and even in vivo. In
essence, bioorthogonal chemistry means high selectivity of
reagents towards certain substrates and, therefore, high
tolerance to the huge number of functional groups present in
the biological environment. Reactions must proceed in high
yield even at low reactant concentrations under living cell
conditions, making them “reaction flasks” for targeted
transformations,® thus opening many doors for medicine and
biotechnology.

Hybrid  organic-inorganic  polyoxometalate = (POM)
compounds”® combine a discrete, nanosized metal-oxo core
exhibiting rich redox chemistry and catalytic activity with an
organic environment that does not only stabilize these
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*Institute of Chemistry, St Petersburg University, Universitetskii pr. 26, St. Petersburg
198504, Russia

4202 | Chem. Sci., 2024, 15, 4202-4221

to POMs and to improve POM biological tolerance.

molecular metal oxides and improves their solubility in various
media, but can also empower the physicochemical properties to
the POM due to synergistic effects. Organic ligation serves as
a platform for functionalization and post-functionalization
strategies,’** providing chemists with the ability to tailor a wide
variety of molecular architectures. The latter include numerous
conjugates with biological molecules. For example,
[MnMogO,4]°~ Anderson-type POMs functionalized by two
different tris-ligands in an asymmetric way can be incorporated
into the backbones of biopolymers both by conjugation with
presynthesized peptide chains and by Fmoc solid-phase
synthesis as an unique POM bearing unnatural amino acid.”
Symmetric organic-inorganic hybrids based on the same POM
unit decorated with bombesin antagonist peptide units are
readily assembled through the formation of POM-driven
nanoparticles, which are taken up by living cells, while the
biological activity of POM is still retained.™ It is noteworthy that
in all of these examples, succinimide esters are typically used as
labile reagents for amide conjugation and the reactions are
therefore intolerant to an aqueous medium.

Despite numerous published reports and reviews'>™* on the
use of POMs in biological and medical applications as effective
antitumor® and antibacterial*® agents, chiral bionics based on
POMs,** as well as critical importance of integration of artificial
electronic elements into biosystems,**** there are still no
systematic analyzes and published examples of the imple-
mentation of true bioorthogonal processes involving POM
building blocks. The development of the concept of bio-
orthogonal POM chemistry would be extremely useful for POM-
based drug targeting (including in situ drug assembly, activa-
tion, and modification), cell labeling and in vivo imaging

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methods, and potential biocompatible positioning of switch-
able POM units at living neuron interfaces.

Within this perspective, we review critical aspects of imple-
menting bioorthogonal approaches in POM chemistry, including
key challenges and possible ways to overcome them. In light of the
potential applications of POM-based switchable systems in the
field of artificial neural interfaces, biocompatible surface modifi-
cation approaches have received special attention here.

2 Polyoxometalates as bioorthogonal
reagents?

In general, POM typical metals such as V, Mo, and W are quite
rare in living organisms and considered as trace elements.”
Molybdenum species are involved in biochemical processes in
numerous plants and bacteria. Mo ions are essential for the
formation of the FeMo nitrogenase cofactor,”® utilized in ATP-
powered nitrogen fixation. Mo ions also play an important
role in the function of xanthine dehydrogenase - the enzyme
participating in purine metabolism in the human organism.””
Vanadium in its highest oxidation state +5 exhibits significant
toxicity and the accumulation of vanadates in tissues leads to
oxidative stress.?® Despite this, it is an important trace element
for regulating the phosphorylation and oxidation process,***"
and is used in antidiabetic therapy.**** In contrast to highly
oxidative V¥ species, tungstates are less aggressive and can be
even used to protect tissues from free radicals by suppressing
the oxidative processes through inhibition of xanthine dehy-
drogenase.*® Tungstate species can induce adipocyte activity
and, therefore, serve as promising antiobesity agents.** The very
important factor that determines reactivity and thermodynamic
properties of the V'-, Mo"- and W"-based compounds in
solution is their ability to form polyoxoanionic structures, i.e.
polyoxometalates (POMs).

What's special about POMs? First, common POMs carry
a negative charge.*® High charge density along with the
considerable polarized M-O bonds promote strong interaction
of POMs with a lot of functional groups. Second, because the
POM structures are usually built up from transition metal
atoms, they are readily involved in redox processes. Most of the
POM cores include metal ions in the highest oxidation states
(vY, NbY, Ta", Mo"", W*") and thereby act as oxidizing agents or
efficient oxidation catalysts promoting electron transfer
processes and generation of oxidative species.*® Finally, inor-
ganic POM structures are not inert towards water media: they
are involved in complex equilibria between different species,?”-**
that are dependent on pH, ion composition, and temperature.
Organic functionalization substantially stabilizes POM struc-
tures, expanding their pH range of existence.®

It is clear that the fundamental properties of POMs attracting
much attention from scientists working in the fields of catal-
ysis,* biomedicine,'®'****! or electronics**** have their down-
sides, namely high reactivity and cytotoxicity.***” There is no
doubt that the properties of POMs literally contradict the formal
criteria for bioorthogonal reagents.> However, does this mean
that the very idea of implementing bioorthogonal POM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemistry should be abandoned? No, this doesn't. The idea
behind this Perspective is to show what scientists can do to take
the concept of bioorthogonal POM chemistry from “funda-
mentally impossible” to “challenging but possible”.

Key issues we aim to address are two-fold: How can POM and
the biological environment be protected from each other? What
bioorthogonal chemical transformations are in principle
possible for POM-based organic-inorganic hybrids?

The inspiring example of bio-tolerant POMs is the bacterium
Azotobacter vinelandii. The cells of this organism not only tolerate
POM units, but also use them as compact storage for Mo and W
ions. To accumulate these metal ions and protect cells from
reactive metal oxide species, this bacterium uses a special
molybdenum/tungsten storage protein called Mo/WSto.***° The
protein scaffold stabilizes POM nanoparticles as a series of
unusual architectures, in turn templated by the protein struc-
ture, thereby preventing the participation of cytotoxic species in
cellular chemistry. This naturally occurring property of POMs is
a unique example showing the potential for synthetic POMs to
approximate the requirements of bioorthogonal reagents and to
build a bridge between the usually barely overlapping concepts
of bioinorganic® and bioorthogonal chemistries.

The specific reactivity and physicochemical properties of
POMs that differ dramatically from those of organic and
biomolecules, as well as the ability of POMs to encapsulate in
surfactant shells, polymers, and biomolecular assemblies could
be added up together into a complex key that opens the door to
the realization of their bioorthogonal chemistry. In our opinion,
the algorithm for implementing this chemistry should include
the following steps exploring approaches from various fields of
inorganic, organic, and supramolecular chemistry:

(i) synthesis of a hybrid POM precursor including functional
groups suitable for bioorthogonal reactions;

(ii) incorporation of hybrid POM molecules into a supramo-
lecular assembly to protect them from the biological
environment;

(iii) implementation and adaptation of a bioorthogonal
chemical protocol taking into account the properties of reagents
containing POM.

The related concept, involving supramolecular protection
followed by strain-promoted click conjugation, has recently
been demonstrated for the bioorthogonal attachment of
magnetic nanoparticles to cell membranes.”® Our Perspective
focuses on the challenges and prospects of introducing,
implementing, and adapting (post)functionalized POMs**>** to
accelerate progress in the development of their bioorthogonal
chemistry.

3 Supramolecular approaches to
improve biological tolerance

Challenges associated with the non-selective reactivity of POMs
towards biological media and, consequently, their poor bio-
orthogonality, constitute the first task that must be addressed
for the successful implementation of bioorthogonal chemistry
involving inorganic POMs and POM-based organic-inorganic

Chem. Sci., 2024, 15, 4202-4221 | 4203
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hybrid compounds. As is often the case, nature has already
figured out how to overcome these challenges: the metal storage
protein in Azotobacter vinelandii is a brilliant example that POM
structures protected by a protein matrix can exist in living cells
without damaging them.

Incorporating POMs into supramolecular assemblies can be
one useful approach*%***¢ with far-reaching implications for
biological studies of POMs. The idea of protecting certain
molecules from others by phase separation between two media
with a membrane consisting of amphiphilic subunits is
inspired by the structure of living cells. From a fundamental
point of view, the formation of such POM-based assemblies will
pursue three main goals: (1) protection of POM cores with an
inert shell; (2) reducing the chemical potential of the POM-
based system, resulting in the formation of less reactive (and
therefore more chemically selective) species; (3) fine-tuning of
aggregate surface characteristics to modulate interactions with
various media, including physiological solutions and cell
membranes, thereby improving bioactivity in vitro.>

In this section, we thus outline two different approaches that
might be used in biological systems for POMs, namely the
formation of POM-surfactant core-shell vesicles and the
complexation of POMs with commonly used macrocyclic
agents. For each concept, the main patterns and the most
illustrative examples are given. Specific attention was paid to
the systems with a stimuli-responsive morphology (and thereby
controlled reactivity of POMs), as we consider it as one of the
possible key factors for targeted POM delivery. Among all
cationic surfactants, peptide molecules deserve special atten-
tion due to their biocompatibility, as well as structural and
functional variability.”®* Therefore, a special section is paid to
supramolecular systems involving POM and peptides.

3.1. Polyoxometalates in core-shell vesicles

POM cores are easily involved in interaction with surfactant
molecules, leading to the formation of amphiphilic nano-
structures (Fig. 1).">*** These micelles (core-shell structures) and
vesicles (hollow layered structures) are supramolecular assemblies
that are widely used in biological and medical applications.**** In
addition, nanoaggregates containing POM vesicles are involved in
more complex structures with biological polymers.*

There are two general approaches to the formation of POM-
based core-shell structures:'* (i) formation of POM-cation
pairs, where the cation bears both hydrophilic site and hydro-
phobic groups providing self-assembling of supramolecular
structures, and (ii) covalent modification of POM-organic
hybrid platforms by large hydrophobic groups. In both cases,
structure formation is determined by non-covalent interactions,
which, in turn, are determined by the structural features of the
components of the system.** Thanks to the large structural
diversity of POM cores and the rich possibilities of organic
ligation and post-functionalization,® the structure and behavior
of supramolecular assemblies can be effectively tuned.* Since
covalent and non-covalent approaches significantly differ in
terms of chemical implementation and properties of nano-
particles, we separated them into different sub-sections.

4204 | Chem. Sci, 2024, 15, 4202-4221
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3.1.1. Non-covalent polyoxometalate-surfactant assem-
blies. POMs are typically hydrophilic anionic nanoparticles that
exhibit rather strong Coulombic interactions with the polar
cationic regions of surfactant molecules. Depending on the
conditions (size and charge of the POM, solvent, temperature,
presence of various ions in the solution), vesicles with a hydro-
philic shell or hydrophobic inverted vesicles can be formed.
Further interaction of surfactant molecules with these shells
can lead to the formation of a multilayer shell with the same or
opposite properties (Fig. 1A and B). Instead of forming such
multilayer structures, POM-surfactant blocks are often arranged
in the form of hollow “blackberry”-shaped nanoparticles
(Fig. 1C) or membrane vesicles (Fig. 1D).

The giant Keplerate-type POM [M0;3,0575(CH;CO5)30] "~
(Mo 3,) can be “shielded” by bulky aliphatic tail cations.®**” The
resulting assemblies are capable of forming nanocomposites
with electrochemically exploitable graphene, resulting in a mate-
rial exhibiting synergistically induced supercapacitor properties.
Other giant wheel-shaped POMs (Mo;s4) [MO0Y3sM0,5"O462H 14
(H20)50]0.5° [M0Y3:MO0350457H4(H20)s5]0.s may participate in the
formation of self-assembled vesicles (Mo;54)-(TTA), (TTA = tet-
radecyltrimethylammonium cation). Moreover, depending on
the Mo:TTA ratio, hydrophobic single-layer or hydrophobic
bilayer structures can be formed.*® Notably, giant POMs have
a closed metal-oxo cavity and can, therefore, be considered as an
encapsulating shell for nanoscale reactor.*

Smaller POMs generally tend to aggregate into spherical
“blackberry” structures. These vesicles, assembled through
both strong Coulombic and weak hydrophobic interactions,
have been well studied and described in numerous
publications.***7*7> Noncovalent encapsulation of POM units
into supramolecular assemblies finds application in vivo. For
example, POM-organoplatinum hybrids with polyethylene
glycol based surfactant nanoparticles demonstrate effective
targeted delivery of the [PWy;0,0(SiC3HgNH,),Pt(NH;),ClL,]*~
drug agent to living cells.”®

3.1.2. Covalent polyoxometalate-surfactant assemblies.
Covalent conjugation of POM cores with organic ligands
bearing large hydrophobic groups leads to the formation of
amphiphilic molecular structures that are capable of aggre-
gating into micelle-like assemblies in solution." An advantage
of this approach is that the structures are much less labile and,
as a rule, more tolerant to various media. In addition, the
aggregation behavior changes. This is well illustrated by the
functionalization of [PW;;034]"~ with surfactant ammonium
cations, which leads to the formation of stable reverse vesicle-
like supramolecular assemblies.”” Changing the aggregation
pattern is crucial for the selectivity of oxidative-catalytic prop-
erties of aggregates. Overall, the chemical approaches® devel-
oped for the covalent ligation of POMs can be effectively used to
create a wide variety of structures.

The method of POM ligation determines the morphology of
the resulting amphiphilic molecule. Monoligated POMs typically
present a classic head-to-tail surfactant morphology (Fig. 2A).
The most representative examples are Wells-Dawson (WD)
POMs conjugated to polystyrene moieties’”® or long alkyl chains

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of general POM-surfactant nanoparticle topologies: (A) simple normal and reversed vesicles; (B) concentric
multilayer vesicles; (C) "blackberry”-type nanoparticles; (D) hollow membrane normal and reversed vesicles.

([P,V3W15056((OCH,);CNHCO-C(CH;),-R)]*", R = n-Cy5Hyy
or polystyrene chain).** The Lindqvist-type hexamolybdate
[MogO15(=N-(PS)-(PT))*” (PS and PT are polystyrene and
polythiophene polymer chains, respectively) tethered with
a polystyrene-polythiophene block copolymer synthesized using
CuAAC chemistry,**®* exhibits flexible aggregation behavior,
forming normal or inverted vesicles depending on the solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Incorporation of redox-active conjugated aromatics instead of
innocent hydrocarbon chains demonstrate a bright possibility of
the redox control over hydrophobic properties and, conse-
quently, morphology of self-assembled vesicles. Tuning the
structure of hydrophobic chains also makes it possible to control
the morphology of nanoparticles, which, in turn, leads to a redox
reaction.® When the POM site is not protected by any shell, such

Chem. Sci., 2024, 15, 4202-4221 | 4205
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Fig. 2 Schematic representation and archetype examples of POM-based surfactants: (A) POM head—-hydrophobic tail; (B) POM head-several

hydrophobic tails; (C) tail-POM head-tail.

vesicles are very sensitive to ionic composition” and pH,” which
directly influences effective charge density of the hydrophilic
head. These characteristics allow the control of the nanoparticle
formation; however, labile behavior can be considered a disad-
vantage from the point of view of application in a biological
environment.

Keggin-type POMs [PW;;036(O(Si-R),)]*” (R = hydrophobic
chain), functionalized on one side with two hydrophobic chains
through a siloxane fragment, are very similar in terms of
surfactant morphology (Fig. 2B). These surfactants readily
organize into micelles in solution and, under some conditions,
tend to form self-assembled lyotropic phases.*** Larger
Preyssler-type POMs [(Cy6H;3),NCONH(CH,);SiNaPsW,50, 1]~
covalently bound to a double-stranded surfactant unit exhibit
self-assembly into stable vesicles that are readily taken up cancer
cells and demonstrate excellent antitumor activity.>”

Symmetrical covalent functionalization of POMs with
hydrophobic alkyl chains produces tail-head-tail surfactants
(Fig. 2C), which are typically capable of assembling into
hollow, inverted vesicular structures. The authors of the work
that reported the combination of Anderson-type POMs with
two aliphatic chains [MnMogO,5((OCH,);CNHCO(CH,)14-
CH;),]’” indicated that the agglomeration behavior of these
surfactants is not as pronounced as for symmetrical POMs.*®
The introduction of long-chain dimethyldioctylammonium
cations leads to an increase in the supramolecular organiza-
tion of these POM hybrids, significantly enriching set of
available nanostructures.?” Lindqvist-type hexavanadates
[V6013((0OCH,);CNH(CO)CH,CH,CH,CH,(CF,),CF5),]* ",
linked to fluorocarbon chains by forming amides, are hybrids
that readily form stable bilayer vesicles in solution.*® Fluoro-
carbon chains exhibit both hydrophobic and lipophobic
properties and thus serve as a reliable “shield” for POMs.
the of these “forever chemicals” in

However, use

4206 | Chem. Sci,, 2024, 15, 4202-4221

biochemistry, especially in medicine, is controversial due to
possible health concerns.*

The introduction of additional stimuli-responsive elements
into the POM-surfactant system makes it possible to control
the morphology of assemblies with exposure to some
external stimuli. Asymmetric hybrid Anderson-type POM
[MnMOGOI8((OCHZ)S'CNHC21H19N204)((OCHZ)SCNHC16H280)]37
(SP-POM-C;5), bearing spiropyran (SP) and alkyl chain moieties
synthesized by subsequent post-functionalization of the diamine
precursor, exhibits UV-triggered formation of hollow nano-
particles®™ (vesicles in a polar medium and reversed vesicles in
a non-polar medium). The mechanism of photoinduced aggrega-
tion is based on the photoisomerization of spiropyran into zwit-
terionic merocyanine (SP — MC). Since MC is a hydrophilic
fragment, the molecule acquires the properties of a classic head-to-
tail surfactant, easily assembled into two-layer aggregates. The
result is of particular interest given that photoisomerization and
hence aggregation can be reversed by visible light irradiation
promoting MC — SP isomerization, thereby allowing the parent
POM molecules to be released in response to stimulus.

3.2. Polyoxometalate-peptide assemblies

Synthetic surfactants can be successfully substituted by
biocompatible peptide- or amino acid-derived cations. POM-
peptide assemblies are a relatively new but very rapidly devel-
oping branch of POM science. The idea of combining the
achievements of anionic POMs and cationic peptide chains has
already led to numerous excellent discoveries and the creation
of materials with outstanding properties.*® In the context of
bioorthogonal POM chemistry, the formation of POM-peptide
assemblies is attractive from two main points of view: (1)
peptide chains are generally biocompatible and stable in the
cellular environment; (2) peptides typically carry multiple
cationic sites and can, therefore, bind very tightly to the POM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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core, protecting it from reactive species from solution.
Depending on their construction principles, these nano-
assemblies can be divided into two classes: electrostatic ionic
hybrids and covalently bonded materials.

3.2.1. Non-covalent polyoxometalate-peptide assemblies.
The first example of electrostatic self-assembly of a cationic
peptide together with phosphotungstic acid anions was re-
ported by Li.** Polyoxotungstates (e.g., Keggin-type [PW;,04]*~
and Weakley-type [EuW,,056]°  ions) and cationic peptides
form large non-covalent hybrid nanoparticles,”* which,
however, are easily degraded in the presence of other competing
biomolecules.”®

The formed stable nanoparticles were proposed as adaptive
containers not only for the POMs and peptides themselves, but
also for other guest molecules. The formation of such nano-
assemblies was studied using the example of the interaction of
highly charged POMs [Eu(SiW;,M00Q;30),]**~ and [EuW;O036]°~
with arginine- and lysine-rich peptides.*® This process involved
two steps: (1) POM-induced disruption of peptide assembly and
formation of primary clusters; (2) self-assembly of these clusters
into nanospheres (Fig. 3A). Combining anionic POM cores and
peptide chains has helped create photosensors for certain
biomolecules.®® Remarkably, the supramolecular design of
POM-peptide nanoassemblies can be extended by adding
a third component. Zhang et al. reported three-component
hierarchical core-shell nanoflowers.”> Uncharged POM
Ag;PW,,0,, was covered with a polydopamine shell by poly-
merizing dopamine onto POM, which in turn was modified with
antibacterial peptide Nisin. The resulting stable assemblies
demonstrated excellent antibiotic activity along with low
toxicity towards human cells. It can be assumed that a wide
variety of modified peptides can be used to decorate the shell,
thereby imparting flexible characteristics to the assemblies.

From the point of view of bioorthogonal chemistry, ideally,
supramolecular assemblies containing POMs should be
completely inert with respect to biological media, but reactive
with respect to certain substrates. Another possible route is to
create supramolecular containers that respond to various
external stimuli. The morphology of POM-peptide conjugates

A
electrostatic further
interactions /\ stacking
AN §]

hybrid
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AVAVAV
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can be modified, for example, by light irradiation. In Li's work®®
a series of inorganic POMs ionically coupled to an azobenzene-
modified cationic peptide exhibit light-induced reorganization
from water-stable round nanoparticles into transient two-
dimensional (2D) assemblies.

Fully inorganic and highly charged POMs such as Anderson-
Evans Nag[TeWO,,], Keggin H,[SiW,040], Zr"-substituted
Wells-Dawson  K;sH[Zr(0,-P,W;50¢;),] or Ce™-substituted
Keggin K;4[Ce(PW,,039),] act as linker nodes for self-
assembling peptide matrices. The formation of these conju-
gates is determined by electrostatic®” and symmetry®® factors.

Highly charged inorganic POMs readily promote the self-
assembly of short peptide nanofibers® and vesicle-type nano-
structures,'® which exhibit good antibacterial activity. The
interaction of Nag[EuW,(034]-32H,0 with the human papillo-
mavirus peptide HPV 16 L1-p in solution leads to the formation
of stable virus-like particles (VLPs),'* in which the POM core is
encapsulated in a peptide shell (virus capsid). Notably, the
presence of the charged POM core greatly enhances the stability
of these VLPs, and the virus capsid allows them to utilize
a biological mechanism to selectively enter cells. Finally, fully
biocompatible protein-based liposomal nanocarriers'®* were
shown to include Ti-modified Keggin-type POM units'®
[SiW11TiO40]°". The resulting aggregates exhibited promising
antiviral and antitumor activities.

Heterometallic POMs comprising transition metal ions can
efficiently bind peptides through simultaneous coordination
bonding and electrostatic interaction. Thus, POMs such as
Kg[P,NiW;,041] and Kg[P,CoW,,04,] can specifically bind B-
amyloid (AB) peptide (Fig. 3B), which is known to be responsible
for Alzheimer disease (AD).'** This binding leads to the
prevention of the formation of amyloid plaques, inhibiting the
toxic effect of AB. Interestingly, even Keggin-type homometallic
polyoxotungtates, especially the lacunary POM Kg[o-SiW;,1030]
can easily coordinate Cu' centers already collected in aggre-
gated AB-based structures and form stable ternary POM-Cu'-
AB,'* thereby acting as an analog of heterometallic POM species
in the context of AD therapy. Specific supramolecular assembly
of transition metal-substituted POMs with peptides may be key

HoN
A =y A
(o]
cationic $
dipeptide HoN *HCl1| Keggin POM
[PW12040]°

NN
\\—NH

POM core

J

nans

e hydrophilic peptide chain

s hydrophobic peptide chain

Wells-Dawson

Wells-Dawson POM
with atomically defined site
for histidine chelation

@ N, Co, Cu, Fe, Mn

Fig. 3 Formation of nanoassemblies of anionic POMs with cationic peptides under the influence of electrostatic forces (A) and the synergetic

effect of coordination bonds and electrostatic forces (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to precise targeting of POM-based drugs. Very recently, this was
demonstrated by Zhao and co-workers'® using a giant
oxocluster {[Ce;,Ags(DMEA)(H,0),,W,,040][B-0-TeWs035]0}, >~
(DMEA = N,N-dimethylethanolamine) encapsulated by a brain-
targeting peptide (angiopep-2-SH) through Ag-S bonding
together with electrostatic interactions. The resulting nano-
particles exhibited superior ability to target glioma.

3.2.2. Covalently bonded polyoxometalate-peptide assem-
blies. Unlike assemblies built through non-covalent interac-
tions, covalent POM-peptide assemblies allow fine control over
the POM-peptide interaction.'>'°*'*”1®® Ruzza, Carraro and co-
workers showed' that the properties of [Mn™MogO;5((-
OCH,);C-(linker)-peptide),] assemblies change dramatically by
varying the length of the polyethylene glycol linker. The intro-
duction of the linker reduces electrostatically induced peptide
folding during POM-peptide interaction, and the resulting
“free” peptide residue becomes capable of being recognized by
cells.

Covalent modification of proteins by POMs in some special
cases can be achieved by combining functional groups with
specific reactivity and electrostatic interaction of anionic POM
with a charged peptide fragment. This concept was used in recent
work of Qu et al.,"** which demonstrated that Wells-Dawson-type
POM [P,W,,04,SnR]’~ (R = thiazolidinethione (TZ)-containing
organic unit) selectively binds B-amyloid (AB) peptide. This
combination, using the site-specific interaction of the TZ func-
tional group with the lysine amino group*** of AB together with the
strong electrostatic interaction of the POM core with the cationic
site of the same peptide, is very strong and effective, leading to
inhibition of AB aggregation, thus acting as a superior Alzheimer
disease treatment. Meanwhile, this example represents an excel-
lent special case of in vivo modification of POMs, which is very
close to the concept of true bioorthogonal POM chemistry.

-0

o
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Despite these advances, most of the POM-peptide hybrids
known to date belong to the class of non-covalent assemblies.
The reason for this is mainly due to the difficulty of synthesizing
covalent hybrids. However, some smart approaches could
significantly improve their synthetic availability. A very elegant
method for producing covalent hybrids was demonstrated by
Mitchell, Martin-Raptn and co-workers, who introduced and
developed the concept of ‘POMlymers’. These bis-peptide-
functionalized Anderson-Evans-type POMs were prepared by
ring-opening polymerization of amino acid N-carboxyanhy-
drides induced by amino-functionalized POM [Mn"MogO4((-
OCH,);CNH,),]*”.** Combination of cationic lysine moieties
and hydrophobic benzyloxycarbonyl sites make the material
amphiphilic, as a result of which ‘POMlymer’ is able to form
stable nanoparticles in solution. The oxidative properties of the
parent POM are retained in the covalent hybrid, and the mate-
rial has been proposed as an efficient skin antiseptic,"** whereas
simple ion paring of the same POM with a cationic peptide
results in reduced peroxidase-like behavior.

One of the most important properties of biomolecules
(including many peptides) is the ability for molecular recogni-
tion. This can be a very powerful and selective tool for gener-
ating  predesigned =~ POM-peptide  structures. =~ POMs
functionalized with specific functional groups can bind
peptides very specifically, forming stable bioconjugates. Thus,
Keggin-type POM [y-SiW,036]°~, modified with biotin moie-
ties, is easily combined with avidin.®”*** The formation of these
conjugates leads to a significant reduction in cytotoxicity and
also provides exceptional capabilities for in vivo delivery and
tracking of POMs. Bis-biotinylated Anderson-Evans-type POM
[MnMogO,5((OCH,);CNHCOCH,0COCH,5N,08),]*~,  equip-
ped with a linker of the required length between the POM core
and the pendant biotin group, is capable of forming with

O (strept)avidin
30307 +eom

H H

0

HH

Sl

bis-biotinylated
Anderson-Evans POM

Fig. 4 Self-assembly of nanoparticles from bis-biotinylated POM hybrid (HPOM) and streptavidin peptide driven by molecular recognition.

4208 | Chem. Sci,, 2024, 15, 4202-4221

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06284h

Open Access Article. Published on 26 February 2024. Downloaded on 3/17/2026 3:05:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

streptavidin very stable self-assembled nanoparticles of
a regular structure."** (Fig. 4).

3.3. Host-guest complexes involving polyoxometalates

Supramolecular host-guest complexes that modulate the
chemical properties and solubility of target molecules are very
widely used for medical and biological applications**'"” and
can be employed as an elegant bioorthogonal approach for
biorecognition."™® The large structural diversity of POMs,
including rich functionalization and post-functionalization
chemistry allows one to obtain a wide variety of supramolec-
ular assemblies. POM anions are characterized by a high charge
density, as well as nucleophilic oxygen atoms, and can interact
with the polar regions of host molecules. On the other hand,
functionalization of POMs with organic ligands provides effec-
tive hydrophobic interactions.

3.3.1. Complexation with natural cyclodextrins. Most
published examples of supramolecular host-guest assemblies
use natural cyclodextrins (CDs), oligosaccharides consisting of
repeating glucose units (6-8 repeating units, designated «-, B-
and y-CDs, respectively) as host molecules.'*® Their advantages
include low cost and high biocompatibility. CD molecules
(Fig. 5) display two hydrophilic regions of different sizes and an
inner hydrophobic cavity, which can be utilized for various
types of non-covalent interactions. The polar hydrophilic
centers of CDs are easily involved in H-bonding, as well as in
dipole-dipole interactions with metal-oxo clusters,****
improving the stability of POM cores and expanding their
tolerance to reaction media. Participation in the interaction of
both hydrophilic regions of CD often leads to the formation of
numerous metal-organic frameworks.'?»*>>128

Incorporation of completely inorganic POM cores into
a suitably sized CD cavity is possible, but typically such
complexation is not very robust. It is important to note that the

View Article Online
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incorporation of POMs into hydrophobic cavities is observed
only for clusters with a moderate charge density. Thus, the all-
inorganic Lindqvist-type hexamolybdates and hexatungstates
[MgO15]*~ can be stabilized by y-CD in aqueous solution,'
whereas the smaller hexavanadate anion with a higher charge
density is not stable even in the presence of host CDs."*®
Another illustrative example of this concept is the complexation
of Keggin-type POMs [XW,;M]?~ (X =P, Si; M = V or Mo) with y-
cyclodextrin, which is easily reversible by one-electron reduc-
tion of the POM core (ie., increasing its surface charge
density).”*" Interestingly, giant POMs themselves like [Mos,-
O462H14(H,0)70]** ™ can act as host molecules in relation to CD
macrocycles, which, in turn, are able to encapsulate smaller
POM cores, creating hierarchical structures.'*?

As mentioned above, organic ligands associated with POM
cores easily participate in the formation of host-guest pairs with
CD molecules interacting with their hydrophobic cavity.*>**3*-13¢
It is noteworthy that in these cases, the interaction of POM with
the hydrophobic CD regions is still possible and competes with
hydrophobic forces. The interaction energy, as well as the
structure of the resulting complex, depend on the components
of the POM-organic hybrid."*® Generally, longer and more
hydrophobic chains favor hydrophobic pairs, but pairs exhib-
iting both complexation mechanisms (interactions of the POM
core with the hydrophilic site of CD and complexation of the
hydrophobic organic tail with the CD cavity) are also common.
The variety of patterns of complex POM-CD formation is well
illustrated by a series of [Vs0,5((OCH,);C-R),]*~ hybrids (Fig. 5),
where the nature of the substituent -R and CD size are the
factors that determine the energy and structure of the supra-
molecular assemblies.

Complexation of hybrid POM-organic molecules with CDs
can be considered not only as a way to stabilize reagents in
various environments, but also opens up very intriguing possi-
bilities for preorganization of reagents in solution,”* chiral

J9otid (860

® =NO, n=6

SOk

@ =CH,0H,n=7

~—/ \=~\
o '
o

@ =NH({BOC),n=7
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; 0}
cyclodextrin 10 O}
n
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>

>
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\

@ = NH(BOC)

Fig.5 Schematic representation of possible arrangements of (bisligated POM)/CD pairs depending on the organic fragment and the size of the
macrocycle. lllustrated using the example of several interacting [VgO13((OCH,)sC—R),]2~ units (R = NO,, CH,OH, NH(BOC)).
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transport,”®* and modulation of the self-assembly of supramo-
lecular systems.*** Importantly, complexation with macrocyclic
agents improves the stability of POM anions not only in solu-
tion, but also in the gas phase,”®”** and on surfaces,'*’ leading
to advantages in related analytical protocols and technical
applications.

3.3.2. Complexation with other supramolecular agents.
Calixarenes, synthetic condensed phenolic macrocycles with
smaller polar and larger hydrophobic regions, attract the
attention of the medical and biochemical community due to the
possibilities of chemical modification and tuning of their
properties.****** However, data on the stabilization of POM
assemblies by calixarenes are very scarce. It is known that
reduced hexavanadate alkoxides can form in the presence of
calix[4]arene, demonstrating unusual tetra-alkoxoligation.*** In
addition, related thiocalixarenes, in the presence of transition
metal cations, are able to induce the reassembly of archetypal
POM structure into new topologies.***4¢

Even less information is available about other macrocycles
widely used in medicine, cucurbiturils."” The Mn-substituted
Anderson-Evans-type POMs covalently functionalized with B-
cucurbituril (B-CB) moieties'** [MnMogO;4((OCH,);-
CNH(CO)(CH,);(CO)NH-(B-CB)),]>~ can interact with surfactant
agents of different nature, forming multi-stimuli responsive
structured emulsions in two-phase media. The reported result is
of particular interest due to the possibility of pre-targeting the
host to the guest, which demonstrates a very promising non-
classical bioorthogonal approach.'® Cucurbituril macrocycles
have an exclusively hydrophobic cavity that can be used as
a carrier for various molecules, as well as an ideal nanoreactor
for a variety of pre-organized reagents for UV-induced coupling
and copper-free alkyne-azide click chemistry.** Therefore, one
can hope that in the near future these systems will prove their
value in biocompatible processes as well.

4 Polyoxometalate click chemistry

Among the toolset of methods'* that are generally classified as
bioorthogonal chemical transformations, click coupling reac-
tions, especially copper-assisted azide-alkyne cycloadditions
(CuAAC), have found a significant place in the field of individual
modifications of organic-inorganic POM hybrids.%**1-1%
However, realizing of bioorthogonal click chemistry using these
reagents is a challenging task that faces a number of funda-
mental difficulties. The section above was devoted to protecting
POMs and biological media from each other, however, when the
click process is achieved, one has to wonder if the reagents and
catalysts in biological media are sufficiently stable in the pres-
ence of POMs and if they are tolerant to biological media and
living cells. The properties of POMs as efficient oxidation cata-
lysts seem to be the reason why no example of classical Stau-
dinger*** conjugations involving POMs has yet been published.
Azide and alkyne functional groups are not easily oxidized, so
cycloaddition involving them can be considered the most
promising approach. This seems to be valid for the case of
catalyst-free processes, however, the addition of copper ions
immediately leads to two problems: (i) Cu(1) and especially Cu(u)
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cations are significantly toxic and, therefore, incompatible with
living cells; (ii) oxidation processes involving POMs can lead to
deactivation of Cu(r) active sites and often prevent the use of
additional reducing agents (such as sodium ascorbate). Thus,
the development of biocompatible CUAAC chemistry requires
very high activity of Cu catalysts along with stabilization of Cu(x)
ions. Remarkable advances that have made CuAAC chemistry,
initially nonbioorthogonal,® suitable for biological applications
include the chelation of azidomethylpyridine derivatives as
click reagents'****” and the use of tris(triazolyl)Jamines as Cu(i)
stabilizing ligands.'*®'* As a result, the reaction kinetics are
dramatically accelerated, and very small amounts of toxic
copper compounds are required. Despite the lack of examples of
literal implementation of bioorthogonal processes involving
POMs, we believe that it is worthwhile to summarize published
data on click reactions of hybrid organic-inorganic POM
compounds to provide a starting point for developing possible
reaction conditions, expanding known reactivities, and
exploiting available “click” substrates.

4.1. Copper(1) assisted azide-alkyne cycloaddition

Implementing a traditional CuAAC protocol utilizing POM-
organic structures as synthons (Fig. 6) requires finding process
conditions that do not affect the POM core (i.e., the POM core
must act as a chemically and redox innocent unit). In general,
the modification processes of POM-based compounds
described in the literature can be divided into two approaches:
the use of a simple source of Cu(u) together with a reducing
agent, usually CuSO,/NaAsc (method A); and direct introduction
of “proper” Cu(i) ions in the form of Cul or some soluble
complexes (method B). From a “chemistry in a flask” point of
view, a combination of factors of catalyst activity and the
stability of the reagents and catalyst with respect to reaction
media dictates the choice of approach and reaction parameters.
From the point of view of bioorthogonal chemistry, cytotoxicity,
biocompatibility, and cell membrane permeability are
extremely important and must be considered.

Simple and effective for “chemistry in a flask”**> method A is
definitely not the method of choice for biological systems due to
the high toxicity of copper ions not protected by strong ligands,
as well as the oxidation products of ascorbate (Asc).* Method B
uses organic reaction media. In addition, Cu(1) centers com-
plexed by nitrogen ligands or in equilibrium with the poorly
soluble Cul solid phase exhibit significantly lower activity and
productivity, so reactions require higher Cu loadings and harsh
conditions. Moreover, since no reducing agent is used, the
reactions must be carried out under an inert atmosphere. Thus,
the implementation of typical CuUAAC protocols related to both
methods A and B could not be considered a method of bio-
orthogonal chemistry. Nevertheless, the fundamental possi-
bility of CuAAC processes for numerous POM-organic hybrids
as synthons and the available solid body of experimental data
on this chemistry are of great importance.

The goal of this section is to analyze existing examples of
CuAAC reactions involving organic-inorganic POM hybrids,
especially in terms of the reaction media, conditions, and the
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CuAAC chemistry
could be modified to be bioorthogonal
Method A
CuSO4/NaAsc, water/MeCN
Method B
Cul, DMF, amine, high temperature
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C
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<>N3
SPAAC chemistry
water media

no metal catalyst
completely bioorthogonal approach

D— molecular fragment of interest

0— POM hybrid platform

Fig. 6 Click chemistry for (post)functionalization of POMs: CUAAC conjugation of azide-functionalized POM to terminal acetylene (A); CUAAC
conjugation of POM bearing a terminal acetylene group to azide (B); SPAAC conjugation of azide-functionalized POM to a 3'-dibenzocy-

clooctyne-derived building block (C).

mutual redox tolerance of POM cores, Cu(i) centers, and addi-
tion reagents.

Method A, which uses reducing agents in combination with
Cu(u) compounds, can generally be used for POMs which
oxidation potential is insufficient to accelerate the rapid oxida-
tion of ascorbate induced by POM. The first work published in
this area concerned low-oxidizing and stable polyoxotungstate
azide and acetylene derivatives of the Keggin-type [PW;,0¢;-
SnR]"~ and Wells-Dawson-type [P,W;,06,;SnR]”~ POMs (R =
organic substituent bearing an azido or terminal acetylene
moiety)'®* coupled with different organic building blocks and
even among themselves. The conventional CuAAC protocol
involving a CuSO,/NaAsc - acetonitrile/aqueous system was
found to work very well for these low-oxidizing POMs and gave
good yields of the desired products without reducing the POM
core despite the presence of ascorbate. After a short time, a series
appeared devoted to Wells-Dawson-type poly-
oxotungstates, which carry two clickable functionalities, namely
[02-P,W15061(Si-R),01°™ and [o,-PyW,; ;04 (P(O)-R),]° . 162164

Based on Wells-Dawson-type POMs grafted with azide¢>***
or terminal acetylene'® functions and utilizing the CuSO,/
NaAsc system, a wide variety of hybrid architectures were ob-
tained, including hybrids bearing covalently attached zinc
porphyrin moieties, which were proposed as promising molec-
ular materials for light energy harvesting.'®* The same approach
also gave good results in the click post-functionalization of the
Keggin-type POM [SiW,;034(SnCH,CH,CONH(CH,);N;)]>~ with
an alkyne-derived ferrocene unit.'® Cronin et al. reported™* that
sodium ascorbate in the presence of water readily reduces an
Anderson-Evans-type  POM  [MnMogO;5((OCH,);CNH(CO)
R),]>”. The same system demonstrates excellent results for
modifications of this type of POM hybrids in DMF media."?>'%
Thus, it can be concluded that the successful application of
method A may be rather sensitive to process conditions due to
the dependence of redox potentials on the solvent.'®’

Direct use of Cu(r) compounds as catalyst precursors without
the addition of reducing agents (method B) is usually the
method of choice for more oxidative POMs. To stabilize Cu()

of works

© 2024 The Author(s). Published by the Royal Society of Chemistry

compounds, amines (usually N,N-diisopropylethylamine
(DIPEA)) are added to the solution. The reactions are carried out
in degassed polar organic solvents (DMF or MeCN). Thus, the
aforementioned Anderson-Evans ‘POM-N;’ and ‘POM-acety-
lene’ MnMo-derivatives can be linked to each other,"*® resulting
in the formation of a series of monodisperse oligomeric POM
hybrids from dimer to pentamer. This demonstrates the great
potential of CuAAC chemistry for the controlled assembly of
POM structures, even in the case of their vast redox activity and
associated chemical reactivity.

The use of the [Cu(MeCN),|BF, precatalyst also makes it
possible to obtain hybrids of these [MnMo0g0,4]’~ POMs with
photoactive moieties BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene).*>"”® Related process using Cu(1) diimine complexes
was reported for the CuAAC modification of Wells-Dawson-type
POMSs [0,-P,W;,06:(P(O)CH,CeH,-N3),]°~ with fused aromatic
pendant groups.'® This process in cyclohexanone requires
microwave irradiation, which shows that strong a-diimine
ligands provide very effective stabilization of Cu() in the pres-
ence of oxidative POMs, even under harsh conditions. However,
unless the ligands are specifically tuned, the coordination of
strong ligands significantly reduces catalyst activity. On the
other hand, rational ligand design can not only stabilize Cu(1) in
solution, but also modulate the solubility of the active species
and significantly increase the click reaction rate. In bio-
orthogonal chemistry in aqueous solutions, the most promising
ligands are water-soluble (and, apparently, promoting the
formation of nanoaggregates in solution) chelating derivatives
of methyltriazolylamine, such as 3-(4-((bis((1-(tert-butyl)-1H-
1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)
propane-1-sulfonic acid (BTTES)."****°

Vanadium(v)-oxo clusters are even stronger oxidizing agents,
so the use of ascorbate-containing systems, as well as other
reducing agents, for their modification is hardly possible, which
makes method B the only possible synthetic approach. There-
fore, azide-functionalized Wells-Dawson-type POM [P,V;W;5-
050((0OCH,);NH(CO)CH,-N;)]®~ can be successfully clicked with
alkynes in the presence of Cu(CH3;CN),]PFs and DIPEA in
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MeCN."? The system Cul/DIPEA in DMF showed good results in
the clicking Lindqvist-type hexavanadates [V40,3((OCH,)s-
CCH,OCH,C=CH),]*~ with organic azides,"”* [V40,3((0CH,);-
CCH,N,),]*~ with various organic acetylenes,*'"> and even
with phosphinalkynyl complexes of gold(i) acting as the acety-
lene component.””*'”* These reactions were carried out under
oxygen-free conditions at elevated temperatures and lasted
about 70 hours. Alternatively, the process can be significantly
accelerated using microwave radiation.'”* Sometimes method B
is the method of choice even for non-oxidative POMs. For
example, it was shown'” that in the presence of Cu(i) ions, the
[Y-H,SiW,;0036Cu,(1-1,1-N3),]*~ POM can act as an azide
component in cycloaddition reactions.

4.2. Other cycloadditions

Copper-free cycloaddition reactions are of great interest for
bioorthogonal chemistry due to the absence of toxic copper
ions. In addition, challenges related to the redox stability of
catalysts, as well as potentially toxic reducing agents and
ligands, are avoided.

A powerful bioorthogonal, strain-promoted azide-alkyne
cycloaddition'”® (SPAAC, Fig. 6C) can be successfully implemented
to covalently couple [V4O,5((OCH,);CCH,N3),]*~ to ssSDNA strands
conjugated with 3'-dibenzocyclooctyne tags'” (Fig. 7A). The
resulting hybrid is incorporated into a DNA origami structure'”®
and, although not fully realized in living cells, can be considered,

Mo43> Keplerate
POM

LLL 11 ssDNA O POV anion &
A &

PQV anion
N3 group

coordinated

inside Moy,

Keplerate POM \[

N3

Fig. 7 Strain-promoted azide—alkyne cycloaddition to tailor POM—
DNA conjugates (A). Cycloaddition reaction in a cavity of the Mo;3,-
nuclearity Keplerate nanoreactor (B). POV is polyoxovanadate.

4212 | Chem. Sci., 2024, 15, 4202-4221

View Article Online

Perspective

to our knowledge, the only successful implementation of true
bioorthogonal POM chemistry to date.

An interesting example of the copper-free 1,3-dipolar azide-
alkyne Huisgen cycloaddition is the reaction process that causes
a supramolecular preorganization of the reactants. Kogerler
et al.** demonstrated the catalyst-free cycloaddition of propiolic
acid to the azide functionality structurally exposed within the
[M013,0575(Ac0)30(H,0),,]*>~  Keplerate cavity, leading to
a mixture of 1,4- and 1,5-triazole products (Fig. 7B). Although the
regioselectivity of the process could not compete with classical
CuAAC reactions, this approach can be considered a good
solution for introducing functional groups inside the POM
cavity, since it avoids both the challenge of accessing the tran-
sition metal catalyst inside the cavity and its release after the
reaction. Given the possibility of supramolecular protection of
these giant POMs in solution, they can be viewed as potential
biocompatible nanoreactors. The next promising approach is to
incorporate catalytically active transition metal sites into the
POM structure. Metal centers are capable of activating organic
molecules, thereby leading to the functionalization of POM. This
concept was demonstrated by Sokolov et al.'” Keggin-type poly-
oxotungstate modified with a Ru center [PW;;030{RuU™(N3)}*~
was functionalized with a tetrazolyl group by activating aceto-
nitrile and azide ligands in the ruthenium coordination sphere.
Reported reaction conditions included high temperatures and
organic solvents; the reaction is not selective. It is interesting to
note that for the related molybdenum iodide cluster, azide-
nitrile cycloadditions exhibited better selectivity.'® It is also
important that the introduction of a potentially catalytically
active center into the POM core can significantly change its
properties and the selectivity of the catalyst. Thus, the Cu(u)-N;
modified POM [y-H,SiW;0036Cu,(11-1,1-N3),]*~ did not enter
into cycloaddition with acetylenes, but acted as an effective
catalyst for the oxidative homocoupling of acetylene.*®*

An alternative to introducing a transition metal center into
the POM structure is to carry out inorganic iClick reactions,
which use c-alkynyl as well as azide complexes of Au,'®*** Ir,
Rh' or Pt"**'® as synthetic analogs of organic acetylenes and
azides, respectively. It was shown that Au(i) azide complexes
stabilized by phosphine-donor ligands readily react with
terminal acetylene groups bound on the Lindqvist-type hex-
avanadate structure in the absence of a copper catalyst, forming
stable [V4O13{(OCH,);CCH,0CH,(C,N;H)AUP(CoH,OCH,);3}, ]~
heterometallic hybrids."”® However, biological aqueous envi-
ronments with complex ionic compositions pose a major chal-
lenge for such processes due to the generally limited stability of
metal-C bonds. In addition, although toxic copper is not used,
the toxicity of other heavy transition metal ions may be even
higher, which also seriously limits the biological application of
iClick approach.

5 Bioorthogonal approaches for
surface engineering

The developed principles of bioorthogonal chemistry provide
a very powerful set of tools not only for in vivo reactions, but also
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for applications involving the selective reactivity of complex
biomolecules,® including surface modification and other engi-
neering challenges."**** The unique properties of redox-active
POMs are the reason for their many potential applications,
e.g. in electronic**** and sensor technologies.'”> The remarkable
opportunities for precision surface engineering offered by
biomolecular self-assembly approaches,' as well as the pros-
pects for using POM-modified surface assemblies in biological
applications, are prompting scientists to pay attention to the
bioorthogonality of POMs and the chemical approaches used.
The use of biomolecules is of particular importance for the
implementation of switchable POM elements in neuromorphic
electronics.™*

In this section, we point out some of the features and key
approaches used to create assemblies incorporating various
surfaces, biological molecules, and POMs. Some of the exam-
ples included here are not directly related to bioorthogonal
chemistry and biological entities but demonstrate excellent
states of the art and concepts, that are important for surface
engineering and can be easily transferred in the bio-related
fields.

The interaction of POMs with surfaces is the subject of a lot
of research, summarized in numerous reviews.'*>*% Surfaces of
various natures can be functionalized with POMs (or POM-
organic hybrids), which usually leads to a spontaneous
arrangement of POM molecules on the surface. To make POM
hybrids resistant to desorption on the surface, they are often
modified with certain moieties (Fig. 8) that exhibit strong
noncovalent interactions with the surface (e.g., condensed
aromatic moieties for graphene-like surfaces****** or gold-
coordinating sulfur atoms®*?). Covalent functionalization of
surfaces by POMs'* through e.g., amine bonds, click chemistry
or S-Au bonding also typically results in a random spatial
distribution of hybrid POM molecules."*

Numerous examples demonstrate the high potential of using
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polyoxotungstates  onto  polymer  chains,**
functionalized polymer resin surfaces,”** and graphene.
Notably, in the published cases the reactions were not opti-
mized to meet bioorthogonality criteria and typically used high
Cu loadings along with toxic amine and organic media. We
believe that the approaches discussed in Section 3 can greatly
improve their applicability to biological systems.

A useful approach to surface modification with a controlled
number of POM units is the incorporation of POM building blocks
into a self-assembled monolayer comprising POM-organic
hybrids carrying some surface targeting function and molecules
forming an auxiliary layer with the same function. This approach,
together with the principles of biological chemistry, can be
successfully used to create, for example, a superior electro-
chemical sensor for detecting single nucleotide polymorphisms.
The authors of a number of publications described the covalent
addition of 7-deaza-7-propargylaminopurines to activated Keggin-
type [SiW;,035(Sn(CH,),CO)]*~ and Dawson-type [P,W;,04(-
Sn(CH,),CO)]°~ POMs via amide formation.?*2” The resulting
POM-dideoxynucleotide conjugates could then be incorporated
into the DNA chain using Terminator® polymerase.*” The
resulting POM-decorated chains were attached to the Au surface
using a previously developed approach involving the incorpora-
tion of thiolate-functionalized target molecules into thiolate-based
self-assembled monolayers (Fig. 8E).>*®

As mentioned in Section 2.2, anionic POMs show very strong
interaction with peptide molecules. The latter can be derivat-
ized by functional groups (which are derived from natural or
synthetic amino acids), providing affinity to certain
surfaces,**>*'° and opening up exciting possibilities in terms of
supramolecular and surface chemistry.*** For example, peptide-
functionalized acrylic monomers were used to construct
a polymer chain that carries multiple peptide residues and thus
acts as a “brush” that absorbs POMs.”*> Peptides bearing
aromatic groups have good affinity for graphene-like surfaces.

ethynyl-
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nanoparticles encapsulating H;PW,,0,0 POMs. These nano-
particles were then immobilized on graphene oxide nanosheets,
forming a ternary hybrid system.**®

The random and not always uniform distribution of grafted
functional fragments on the surface leads to potentially low
reproducibility of the properties of the composite. This is an
important challenge from the point of view of molecular elec-
tronics, where the controlled addressing of logic elements is
crucial. However, these surface characteristics can be improved
by supramolecular self-organization of POMs through special
organic ligation.

For example, modification of hydrophilic Wells-Dawson-
type {P,VsW;5}-POM with a dendritic tether bearing four
hydrophobic oligomeric silsesquioxane polyhedra leads to the
formation of amphiphilic hybrids. The pre-organized geometry
of the latter allows them to be assembled into mesoscale,
hexagonal honeycomb lattice of single- or multi-layers**
(Fig. 9A).

A powerful method for arranging molecules on surfaces is to
prefunctionalize the surface with a preorganized template
matrix. It was shown that a supramolecular 2D self-assembled
network formed as a result of hydrophobic interactions
between triazine derivatives with hydrophobic strands serves as
an ideal matrix for placing hydrophilic inorganic POMs on the
surface of HOPG** (Fig. 9B). The formation of a well-organized
hexagonal network assembled by strong intramolecular H-
bonds between melamine and perylene-3,4,9,10-
tetracarboxylic acid diimide on the Au surface was also
described.?** POM-organic hybrids [PW;;039Ge(p-CcH,~C=C-
C¢H,~NHC(0)(CH,)4(-CH(CH,),S-S-))]*~ augmented with an
1,2-dithiolane group readily enter into supramolecular interac-
tions with this network, simultaneously with the immobiliza-
tion of hybrid molecules on the surface through Au-S bonds.
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The breakthrough discovery*'” of DNA folding principles for
2D and 3D molecular (DNA origami) engineering of materials
greatly expands the possibilities for programmable assembly of
nanostructures. A method that allows controlled design of
nanostructures starting from a computer model**® is the subject
of numerous extensive reviews,'”®'%%*1922% demonstrating the
virtually unlimited variety of structures with arbitrary shape and
precise addressability that can be achieved. The rich structural
capabilities as well as the apparent biocompatibility of DNA
origami lead to its numerous uses in delicate applications such
as gene engineering®* and precision drug delivery.**

The unique folding properties of DNA molecules that make
them not only genetic material but also ideal building blocks for
bio-nanotechnology include: (i) specific lock-and-key interac-
tions between complementary bases in DNA polymers, resulting
in DNA strand pairing and helix packing formation; (ii) ability of
DNA strands to cross from one double-stranded DNA helix
(dsDNA) to another, forming the rigid junction (Fig. 10A and B);
(iii) a targeted and well-controlled structure that can be arbi-
trarily tuned using well-characterized DNA template synthesis
approaches.?®

The beauty of the DNA origami method lies in the combina-
tion of long single-stranded scaffold DNA (scaffold ssDNA) and
short-stranded oligonucleotides (staple ssDNA), which are
arranged in a programmed structure by forming cross-over
bonding. The combination of these short and long strands,
together with the selectivity of crossover formation, results in
high yields of desired structures, while rational design of both
scaffold and staple DNA sequences is key to precise folding of
structures. The formed DNA origami building blocks can further
participate in interactions with each other, forming complex
predesigned structures (Fig. 10C). Additionally, it is important to
note that ssDNA staple strands can be easily modified by
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nucleotide sequences (B and C).

incorporating desired functional groups, thereby assembling
a biocompatible nanostructure with well-defined positions of
these groups. From a surface engineering point of view, this
allows, on the one hand, to link the DNA origami assembly to
fragments that can be immobilized, e.g., on a metallic surface. On
the other hand, the desired functional fragment of interest may
also be included. Recently, this approach was successfully
implemented'” to construct POM-DNA hybrid structures on the
Au(111) surface. For their self-assembling, commercially avail-
able ssDNA staple strands modified with thiolate groups
(providing immobilization on the Au surface), as well as sSDNA
strands serving as complementary pairs for separately synthe-
sized ssDNA hybrids with POM fragments attached via bio-
orthogonal strain-promoted click reactions were used. Since the
POM here is the symmetric azide-augmented hexavanadate [V-
013((0CH,);CCH,N3),* 7, the resulting POM-DNA hybrids are
symmetric POM(-ssDNA), molecules. Thus, the latter can be
coordinated to the origami structure with only one or both staple
strands of ssDNA (Fig. 11). Remarkably, the hexavanadate units
attached to the DNA origami retained their potential-induced
multistate switching at room temperature. As a result, the use
of bioorthogonal and biocompatible approaches (SPAAC + DNA
origami) to fabricate switchable, POM-modified Au materials was
successfully demonstrated. However, the statistical distribution

© 2024 The Author(s). Published by the Royal Society of Chemistry

of these mono- and double-paired POM fragments is a limiting
factor for accurate assembly and precise control of the DNA
origami structure, since such factors as the number of bound
POM-ssDNA hybrids as well as their surface density are difficult
to completely monitor. It can be assumed that the use of mon-
oazide derivatives (monofunctionalized POMs or asymmetric
bifunctionalized derivatives) may be beneficial for more
controlled assembly.

6 Conclusion and outlook

The programmable structural and electronic properties of POMs
have led to numerous advances in their application in catalysis,
electronics, sensing, and many other fields. Their potential
application in medicine, bio-imaging, and cell labeling, as well as
the prospects for integrating POM-based electronics with bio-
logical systems, make the idea of realizing powerful bio-
orthogonal chemistry using the polyoxoanions as molecular
substrates/reagents very attractive. However, this idea faces
numerous challenges and limitations, resulting in a paucity of
reported examples of such chemistry. Strong oxidative behavior
and polarizing effect generally lead to non-selective interaction of
POMs with biological molecules and the cellular environment.
Tailored organic ligation and the use of a supramolecular
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approach can significantly improve the stability of POM units in
aqueous media, resulting in better cell permeability and toler-
ance to biomolecules. Incorporation of POM anions into the
core-shell vesicles or nanoassemblies with peptides is a versatile
and efficient way of POM introduction in living cells. This
approach is widely used in biomedical studies of POM-based
drugs and can be suggested as a key element of bioorthogonal
POM chemistry. The rich possibilities of peptide synthesis and
modification, as well as advances in the design of POM-peptide
conjugates, including examples of the use of the principle of
site-specific molecular recognition, have brought POM building
blocks significantly closer to bioorthogonal reagents.

High reactivity and oxidative potential of POMs require very
careful adaptation of the available bioorthogonal chemistry
reactions to these substrates. There are numerous examples of
the use of click chemistry to create hybrid organic-inorganic
POM compounds. Most of them are conventional CuAAC reac-
tions that cannot be considered bioorthogonal processes.
Nevertheless, the use of specific substrates and advanced ligand
design approaches can make CuAAC processes highly suitable
for bioorthogonal chemistry, so the fundamental feasibility of
such processes and the synthetic availability of appropriate
substrates are of great importance in terms of potential partic-
ipation in biocompatible processes. Furthermore, the success-
ful examples of fully bioorthogonal SPAAC reactions have also
been described for POMs. This click chemistry coupled with
a DNA origami approach provides an attractive toolkit for
surface engineering, including precisely targeted biological
building blocks as well as POMs.

The main goal of the present perspective is to show that,
despite the above-mentioned challenges, bioorthogonal POM
chemistry is not impossible. Our Perspective cannot be used as
a definitive guide and due to the still insufficient amount of
experimental data represents only a systematic overview of
approaches to implementing bioorthogonal processes for
solution chemistry and functional surface engineering with
POMs. We believe that the described examples and methods
should inspire scientists to develop new efficient protocols for
incorporating POMs into bioorthogonal chemical trans-
formations, which will open the door to a variety of biomedical
applications over the coming decade.
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