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Abstract

Recently, photoclick chemistry emerged as a powerful tool employed in several research fields, from medicinal chemistry and
biology to material sciences. The growing interest in this type of chemical process is justified by the possibility to produce
complex molecular systems using mild reaction conditions. However, the elevated spatio-temporal control offered by pho-
toclick chemistry is highly intriguing, as it expands the range of applications. In this context, the light-triggered reaction of
2,5-diaryl tetrazoles with dipolarophiles emerged for its interesting features: excellent stability of the substrates, fast reaction
kinetic, and the formation of a highly fluorescent product, fundamental for sensing applications. In the last years, 2,5-diaryl
tetrazoles have been extensively employed, especially for bioorthogonal ligations, to label biomolecules and nucleic acids.
In this review, we summarized recent applications of this interesting photoclick reaction, with a particular focus on biologi-
cal fields. Moreover, we described the main limits that affect this system and current strategies proposed to overcome these
issues. The general discussion here presented could prompt further optimization of the process and pave the way for the
development of new original structures and innovative applications.
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1 Introduction

Over the years, click chemistry emerged as a powerful
tool that found applications in different research fields,
from material science to pharmacology [1, 2]. The con-
cept of “click reaction” has been introduced in 2002, when
Sharpless et al. proposed the use of Huisgen 1,3-dipo-
lar cycloaddition, among an azide and an alkyne, to give
1,2,3-triazoles [3], to assemble in situ potent inhibitors of
acetylcholinesterase [4]. The choice of this reaction was
prompted by the necessity to operate under physiological
conditions, which require specific features: (1) the process
has to be operationally simple and applicable to highly
diversified substrates; (2) the product formation has to
be fast and occur with high yield and selectivity; (3) the
reaction must lead to the generation of a single product;
(4) reaction conditions should be bio-compatible; (5) the
involved compounds have to be non-toxic and stable in the
physiological environment [5].

During the years, click reactions found application in
several research fields, as in organic synthesis [6], in nan-
oparticle development [7], as well as in the biomedical
field. Regarding the latter, they have been widely used for
bioorthogonal ligations [8], needed for imaging of bio-
molecules, drug delivery, diagnostic analysis [9] as well
as for the detection of proteins [10] and nucleic acids [11].
Together with Huisgen cycloaddition, several click reac-
tions have been developed and optimized, as Staudinger
ligation [12], the strain-promoted azide-alkyne cycload-
dition [13], Inverse-electron demanded Diels—Alder
among tetrazines and alkenes [14], and condensation
with 2-acylboronic acid [15]. Nevertheless, one of the
major drawback shared by these reactions is the impos-
sibility to control the overall process, which can occur in
a non-selective manner and lead to undesired secondary
reactions. In this context, photochemistry resulted to be
the most promising solution to overcome this limitation.
Light offers several advantages, including mild reaction
conditions and an elevated spatio-temporal control of the
process [16]. Recently, several photoclick reactions have
been engineered to this purpose, as light-activable hetero
Diels—Alder [17], azide-alkyne cycloadditions [18], light-
triggered sydnone-alkene/alkyne cycloaddition [19], pho-
toactivable azirines [20], and diazirines [21], extensively
described in recent review articles [16, 22]. In this pool,
the photoclick reaction of 2,5-diaryl tetrazoles emerged
for its interesting properties [22]. Irradiation of these
substrates with a low-power light source induces tetra-
zole photolysis, generating a 1,3-nitrile imine dipole (NI)
which can react with alkenes, affording 2,5-diaryl pyrazo-
lines. One of the most intriguing feature of this reaction is
the generation of fluorogenic molecules, which facilitates

@ Springer

the monitoring of the process in situ [23]. In addition,
considering that alkene derivatives can be easily incor-
porated into biological systems, this photoclick reaction
lends itself to multiple applications [24].

Despite the growing interest in the light-triggered fluoro-
genic cycloaddition of 2,5-diaryl tetrazoles, to the best of
our knowledge, a general overview exclusively dedicated to
2,5-diaryl tetrazole reactivity and their principal biological
applications has never been reported. We believe that this
kind of report could be helpful not only to clearly take stock
of the current achievements but also to highlight their most
significant properties and most critical issues, to prompt the
research towards more efficient processes.

In this review, we have summarized the principal appli-
cations of this process in the biological field, where they
have been extensively used as bioorthogonal reporters to
label proteins and nucleic acids or to generate new photore-
sponsive biomaterials. In the end, we have highlighted some
related critical points together with the most recent strategies
proposed to overcome these issues.

2 Photochemical properties of 2,5-diaryl
tetrazoles

Five-membered heterocyclic derivatives, as pyrroles [25],
imidazoles [26], triazoles [27, 28], and oxadiazoles [29, 30]
attracted increasing attention during the last years for their
interesting biological properties [31]. In this context, tetra-
zoles are a class of non-natural heterocyclic compounds,
composed of a five-membered ring, and can be mono- or
di-substituted (Fig. 1A). In solution, they can exist in two
tautomeric forms, /H, more stable [32], or 2H (Fig. 1B).
Functionalization in position 5 on the carbon atom is the
most common, as empowers the applications of these types
of derivatives in biochemistry, pharmacology, material sci-
ence, photography, and even in the military field [33]. How-
ever, their most important use regards pharmacology: cur-
rently, 43 drugs contain tetrazole ring, and, among them, 23
are FDA approved, as antimicrobial, antiviral, antiallergic,
and anticancer agents [34]. Their excellent biological activ-
ity could be partially attributed to their acidic properties
(pK, = 4.5-4.9), indeed they are widely used as bioisosteres
of carboxylic acids [35].

Tetrazoles are particularly interesting scaffolds for their
unique photochemical properties: irradiation with UV light
always induces rapid irreversible cycloreversion reaction
resulting in nitrogen release [36]. In this context, the substi-
tution of the substrate strongly influences photoreactivity,
leading to different reaction pathways and products of dif-
ferent nature [37]. Among all, 2,5-diaryl tetrazoles attracted
significant attention during the last years, for their photoac-
tivation properties and for the types of products generated.
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Moreover, a non-negligible feature of these compounds is
their straightforward synthetic procedure: they can be eas-
ily generated with a single reaction step, through a simple
coupling between benzensulphonyl hydrazone and an arene
diazonium salt [38].

Irradiation of tetrazoles, at an appropriate wavelength,
leads to the formation of a bidentate intermediate, a
1,3-nitrile imine dipole (Fig. 2), which can react with both
nucleophiles [39], and dipolarophiles, especially electron-
poor alkenes [40]. Despite a large amount of data about
nitrile imine reactivity, the generation mechanism of this
intermediate and its electronic properties are still subject
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to debate. Computational analysis evidenced that the first
excited state S, of 2,5-diaryl tetrazoles lies close in energy
to the triplet state T;, suggesting that nitrile imine forma-
tion occurs via fast intersystem crossing process (ISC) [41].
More recently, activation via triplet state has been detected
through ESR analysis in 5 K matrix, highlighting that the
substitution of the scaffold strongly influences the reaction
pathway. In the case of 1,5-diaryl tetrazoles, the ISC is fol-
lowed by the generation of an imidoylnitrene, that rearranges
into nitrile imine dipole, while irradiation of 2,5-diaryl tetra-
zole at 266 nm with 5 Jm laser pulses, induces ISC, immedi-
ately followed by the formation of 1,3-dipolar intermediate
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Fig.2 Photogeneration of 1,3-Nitrile Imine dipole from 2,5-diaryl tetrazoles and possible reaction pathways
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[42]. However, further studies are still required to confirm
these results and to obtain more experimental evidences on
the tetrazole photolysis mechanism.

The nitrile imine is a very reactive species that cannot be
isolated and has been observed only as intermediate using
transient spectroscopic techniques [43], so its electronic
properties are still the object of investigation. In princi-
ple, it has been suggested that nitrile imine could exist in
propargylic, allenic [44], 1,3-dipolar, and carbenic forms
[45] (Fig. 2). Despite different studies provided contrast-
ing results, a detailed experimental analysis of Lin et al.
[46] strongly contributed to the elucidation of the structure
of this reactive species. Irradiating the zinc complex of
2-(4'-methoxyphenyl)-5-(2"-isopropoxy-4"-methoxyphenyl)
tetrazole with 325 nm He—Cd laser, at 90 K, X-ray analysis
evidenced that nitrile imine presented a bent geometry which
could be attributed to 1,3-dipolar or carbenic structures. In
addition, trapping experiments with water confirmed that
nitrile imine primarily exists as 1,3-dipolar structure [46].

This intermediate presents high versatility, due to its
electronic properties, and can react with both nucleophiles,
like water, thiols, carboxylates, and amines, and electro-
philes, especially alkenes, via 1,3-dipolar cycloaddition
[47]. This second reaction pathway is the most interesting
for biological applications, as it leads to the generation of
fluorescent 2,5-diaryl pyrazolines, which can be exploited
to localize specific biomolecules and/or monitor physiologi-
cal processes [48]. However, in the cellular environment,
nucleophilic addition competes with the cycloaddition,
reducing the selectivity of the process; therefore, to limit
the formation of undesired products, the structure of the
tetrazole must be properly modified to drive the reactivity
of the corresponding intermediate towards the chosen route,
as it will be discussed later [49]. The strong potential of this
photoclick reaction has been demonstrated first by Lin et al.,
as they examined the photoreactivity of 2,5-diaryl tetrazole
1 (Fig. 3) under irradiation at 302 nm in water solution, in
presence of acrylamide as a trapping agent of the NI. Tetra-
zole photolysis was remarkably fast, with first-order rate
constant k; =0.14 s7!, as well as the following cycloaddition
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1 2
RGG = Arg-Gly-Gly-OH

Fig.3 Examples of 2,5-diaryl tetrazoles used for photoreactivity studies
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with the alkene, which proceeded rapidly, with high yields,
and with second-order rate constant k,=11.0 M~! s~!, Fur-
thermore, product generation resulted in a marked increase
of fluorescence emission, among 487—538 nm, due to the
high fluorescence quantum yield of 2,5-diaryl pyrazoline
(®;=0.29 in phosphate buffer solution). The bioorthogonal-
ity of the reaction has been tested by conjugating tetrazole
1 to Lysozyme and performing photoirradiation at physi-
ological conditions in presence of acrylamide. In only two
minutes, 90% conversion was achieved and formation of the
desired fluorescent adduct was observed [50]. These excel-
lent results laid the basis for the subsequent development
of photoreactive tetrazole scaffolds for bioorthogonal liga-
tions. However, it has been pointed out that this reaction
worked efficiently only in presence of electron-withdrawing
alkenes, otherwise both selectivity and reaction rate decrease
significantly.

The same authors performed an extensive study on differ-
ent tetrazole scaffolds, to improve reaction rate and expand
the reactivity towards electron-rich dipolarophiles. A library
of different substituted 2,5-diaryl tetrazoles has been syn-
thesized, introducing in para and meta positions functional
groups with various electronic effects, to verify their influ-
ence on cycloaddition rate. Irradiation of compounds in
phosphate buffer solution (PBS) and in presence of an excess
of 4-penten-1-ol, resulted in different outcomes: in particu-
lar, the presence of only one substituent on C-phenyl ring,
decreased significantly the cycloaddition rate. The same
effect has been obtained by placing an electron-withdrawing
substituent in para position of N-phenyl ring. Interestingly,
electron-donating groups remarkably improved the reaction
rate and, in presence of an amino group (as for tetrazole 2 in
Fig. 3), the second-order rate constant displayed the highest
value (k,=0.79 M~! s7!) giving rise to a 50% yield of the
desired pyrazoline in only 75 s of irradiation [49].

The photoreactivity of 2,5-diaryl tetrazoles has been
extensively explored in presence of alkenes [40], and
more recently, also towards alkynes, to further expand
the reaction scope and its applicability. Cycloaddition of
1,3-nitrile imine to triple bonds leads to the formation of
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pyrazoles, interesting scaffolds for their biological proper-
ties [51].

The feasibility of this process has been primarily inves-
tigated by Bochet et al.,: after the synthesis of several
2,5-substituted tetrazoles, they found that cycloaddition
is strictly dependent on the type of electronic properties
of the involved substrates. Activation of a non-substituted
2,5-diaryl tetrazole led to the formation of the expected
pyrazoline only with electron-poor alkynes: the presence
of electron-withdrawing substituents, as esters, nitro, or
fluorinated alkyl groups favored the cycloaddition with
electron-rich nitrile imine. In addition, it emerged that the
reaction occurred also with 3-benzylcyclooctyn, as the ele-
vated ring strain of this substrate promoted the cycloaddi-
tion. In presence of these specific types of alkynes, a broad
pool of substituted tetrazoles reacted efficiently, generating
the desired pyrazole in satisfactory yields (30-99%) [52].

More recently, Yu et al., further investigated this pro-
cess and developed a series of 2,5-diaryl tetrazoles con-
taining a trifluoromethyl-phenyl moiety in position 5
and an oligothiophene on N-2, to increase both reaction
rate and selectivity towards triple bonds. Among tested
alkynes, they discovered that the most efficient reaction
was obtained using bicyclononyne as a trapping agent.
Irradiation of compound 3 (Fig. 3) at 311, 371, and
405 nm in aqueous solution, led to an almost quantitative
yield of the corresponding pyrazole. Furthermore, they
have investigated the selectivity of the cycloaddition, per-
forming competition experiments in presence of water and
glutathione obtaining the desired pyrazole with excellent
yields (89%) even in these conditions [53]. These intrigu-
ing results not only contributed to the clarification of tetra-
zoles photochemical behavior but represent a solid starting
point to expand the applicability of the process.

3 Biological applications of 2,5-diaryl
tetrazoles

For their excellent optical properties, 2,5-diaryl tetrazoles
have found wide application in biological research, in par-
ticular as fluorogenic sensors to detect biomolecules in
their native environment and to elucidate their biological
functions [54]. Initially, they have been extensively used
for proteins functionalization, taking advantage of sev-
eral well-established procedures to introduce non-natural
amino acids into their sequences [54] but, more recently,
examples of application on nucleic acids and for the devel-
opment of innovative biomaterials increased significantly.

3.1 Protein labeling

The first examples of protein labeling in cells with tetra-
zoles-based bioorthogonal ligation were reported by Lin and
its research group in 2008. They genetically incorporated a
modified O-allyl tyrosine in the Z-domain of E. Coli pro-
tein and analyzed pyrazoline formation upon irradiation of
a library of tetrazoles with a 302 nm lamp. Protein labeling
proceeded rapidly with compound 4 (Fig. 4); therefore, they
tested the efficacy of the process in the cellular environment:
E. Coli BL21 (DE3) cells were treated to express O-allyl
tyrosine-modified protein, then they were incubated with
tetrazole 4 and irradiated for 4 min at 302 nm. The forma-
tion of the expected pyrazoline has been detected through
fluorescence microscopy, and its emission at 483 nm was
observed only in cells expressing the alkene moiety, evi-
dencing that fluorescence increase was specifically induced
by pyrazoline generation [55]. Similarly, another alkene-
modified aminoacid, homoallylglycine, has been used
for the same purpose: it has been incorporated into the
[B-galactosidase enzyme of 293 T cells, and the efficacy of
ligation with BODIPY-modified tetrazole was preliminarily
investigated in vitro on cell lysate. Once pyrazoline forma-
tion was confirmed, the cycloaddition was performed in live
HeLa cells, incubated with tetrazole 2 (Fig. 3), and irradi-
ated with a two-photon 700 nm laser for 5 s. Only directly
illuminated cells showed a 2-fold increase in fluorescence
intensity, confirming the elevated spatio-temporal control
offered by this process [56].

Alternatively, the tetrazole unit can be incorporated
into the biomolecule and acts as labeling site. To this aim,
a library of 2,5-diaryl tetrazoles conjugated to a-amino
acids has been developed [57] and compound 5 (Fig. 4) was
genetically incorporated into Myoglobin of E. Coli, using
aminoacyl-tRNA synthetase [58]. To verify the potential
labeling of Myoglobin, this was irradiated for 5 min in pres-
ence of fumarate modified with fluorescein isothiocyanate,
to ensure efficient product detection. The selective formation
of desired product was confirmed by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and
in-gel fluorescence analysis [58]. Despite these promising
achievements, incorporation of small-sized moieties (e.g.
alkenes) is easier compared to bulkier 2,5-diaryl tetrazoles.
Therefore, in general, labeling of proteins is more commonly
performed by introducing double bonds on lateral chains of
the amino acids. In this scenario, another interesting site for
proteins modification, useful for bioorthogonal ligation, is
represented by cysteine. Nallani et al., used allyl-cysteine
to perform cycloaddition with tetrazole 6 (Fig. 4), introduc-
ing this moiety on bovine beta-lactoglobulin. In this case,
site-selective functionalization has been achieved, as this
protein contains only two cysteines and only one is easily
accessible. The photochemical reaction has been carried
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Fig.4 A Generic photoclick reaction performed with alkene-modified proteins. B Generic photoclick reaction performed with tetrazole-modified
proteins. C Examples of 2,5-diaryl tetrazoles used for bioorthogonal labeling of proteins

out in vitro, upon irradiation at 302 nm, for 15 min, and
the formation of the corresponding fluorescent product was
detected through gel electrophoresis and, subsequently, with
MALDI-TOF analysis. Experiments were repeated also on
different non-modified proteins/enzymes, like Horseradish
Peroxidase, Candida Antarctica lipase, and lysozyme. After
15 min of irradiation, the formation of an adduct with nitrile
imine was detected in each case, through mass analysis, and
it has been discovered that it was generated by the reaction
with tryptophan, which offered an additional and natural
site for protein labeling [59]. To increase the fluorescence
quantum yield of the generated pyrazoline, and facilitate
product detection, styrene has been introduced to modify
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protein sequence. It has been demonstrated that pyrazoline
generated from tetrazole 7 (Fig. 4) and styrene showed sig-
nificantly higher quantum yield compared to adduct derived
from other alkenes (&;=0.40 in acetonitrile and @;=0.23 in
phosphate buffer solution), with emission at 478 nm. There-
fore, styrene has been used to label Acid Stress Chaperone,
an intracellular stress-response protein. After incorporation,
E. Coli live cells containing protein modified with styrene
were incubated with compound 7 (100 uM) and, after only
60 s of irradiation, a strong fluorescent signal was measured
through fluorescence microscopy analysis [60]. To further
improve reaction efficiency, bioconjugation has been per-
formed exploiting a rationally designed tetrazole structure.
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Lin’s research group modified the substrate scaffold intro-
ducing high steric hindrance on the C-phenyl ring: this effect
has been achieved by placing two o0-2’-N-Boc-pyrroles in
positions 2 and 6 of the aromatic moiety. The presence
of bulky units increased the stability of 1,3-nitrile imine
dipole, whose lifetime in water solution increased from 7.5
to 102 s. This remarkable stabilization strongly influenced
the selectivity of the process: indeed, upon irradiation of
compound 8 (Fig. 4) at 302 nm in aqueous solution and
in presence of glutathione and different alkenes, the reac-
tion resulted to be extremely selective towards the alkene in
all tested conditions, even if the best outcome was reached
with dimethyl fumarate and trans-cyclooctene. To verify
the applicability of this approach, compound 8 conjugated
to a fluorescent cyanine has been used to label a glucagon
receptor (GCGR), which is a common target for the treat-
ment of diabetes, modified with a reactive spiro[2.3] hex-1-
ene-lysine (SphK). HEK 293 cells expressing the modified
GCGR were incubated with 500 nM 8 and were irradiated
at 302 nm. After only 1 min, fluorescence emission, colo-
calized with the target receptor, increased significantly (in
particular at A, =480 nm) and pyrazoline was formed with
89% labeling efficiency, demonstrating the success of this
strategy [61]. In this case, an additional fluorescent probe
was used to facilitate the detection of product formation,
evidencing that sometimes the fluorescence quantum yield
of the generated pyrazoline is not sufficiently high to allow
efficient detection in a physiological context. To further
improve this critical issue, the same authors developed
a library of 8 analogues, introducing substituents with

. = Microtubules binding agent

Microtubules

B) )OL
' = P NH O

. ' “H 2
B 0BzOAC
OH HO OBz

different electronic effects on N-phenyl ring of the substrate,
to evaluate the influence on reaction rate and, most impor-
tantly, on fluorescence emission of pyrazoline generated
by cycloaddition to SphK. The kinetic analysis confirmed
that cycloaddition rate strictly depends on the type of func-
tional group introduced and most rapid reactions occurred in
presence of electron-donating moieties on N-2-phenyl ring.
Subsequently, they have assessed the effects on fluorescence
emission of pyrazolines, discovering that the introduction of
p-NHAc-Ph group guarantees the most intense emission in
organic solvents. This outcome highlighted that this type of
functional group could be critical for obtaining both a high
reaction rate (k,=1700+300 M~ s™") and intense fluores-
cence emission (4., =486 nm in DCM and ethyl acetate).
Therefore, this reaction has been exploited to label Green
Fluorescent Protein containing SphK. Irradiation of com-
pound 9 (Fig. 4) with 365 nm UV-light afforded the desired
product with good yields and excellent emission in aqueous
solution, as confirmed by SDS-PAGE gel analysis [62].
Detection of specific proteins using photoclick chemis-
try is possible also exploiting an intramolecular cycload-
dition. Yu et al., developed a short series of interesting
tetrazole derivatives, with 10 (Fig. 5) as a common unit,
introducing o-allyloxy group in position 2 of N-phenyl
ring. In this case, the process has been exploited to detect
microtubules in live mammalian cells, which represents
an interesting biological target especially for cancer
[63] and neurodegenerative disease therapeutic strate-
gies [64]. To this aim, tetrazoles have been conjugated
to 7-p-alanyltaxol core [65], a B-tubulin binding agent,

10

10a: L = -CHyp- ; Ry = Ry = -CH,CH,0H;
10b: L = -COCH,0CH,- ; Ry = Ry = -CH,CH,0H;

10¢: L = -CO- ; Ry = H; Ry = -COCH,0H;

10d: L = -COCH,CH,CONH-; Ry = H; Ry = -COCH,0H;

Fig.5 A Schematic representation of microtubules detection performed with tetrazole—p-alanyltaxol conjugate. B Structures of 7-f-alanyltaxol—

Tetrazole conjugates (10a-d) used for microtubules detection
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in para-position of C-phenyl ring. The presence of an
alkene moiety on tetrazole scaffold remarkably enhanced
cycloaddition rate and, upon irradiation at 302 nm, a
nearly quantitative yield of pyrazoline was achieved in
only 70 s. The authors investigated also the fluorescence
of the generated product and found out that the simulta-
neous presence of two electron-withdrawing moieties on
phenyl rings, as in the case of compound 10d (Fig. 5),
determined a significant fluorescence increase of the
resulting pyrazoline at 528 nm (&;=0.056, 112-folds
higher compared to starting tetrazole). To verify the effi-
cacy of this system, HeLa cells were treated with 5 uM of
preactivated 10a for 30 min. The binding of the cycload-
dition adduct to microtubules was confirmed through
confocal microscopy analysis, which proved pyrazoline
co-localization with Alexa Fluor-568 based immunostain
for microtubules. Subsequently, they have examined the
photoactivation in vivo on CHO cells: after incubation
with 1 pM of tetrazole 10c, cells were irradiated with
a metal halide light source (bandwidth =300-395 nm).
After only 5 s, a significant increase of emission was
recorded, between 535 and 545 nm, and a 79% yield of
pyrazoline was measured. To demonstrate the elevated
spatio-temporal control of the process, the experiment
was repeated with 10a, using a 405 nm pulse laser, and
irradiating only specific regions for 11 s. As a conse-
quence, a strong fluorescence enhancement was observed
only in the illuminated areas, confirming the selectivity
of the photoactivation process and the possibility to label
specific regions [66].

3.2 Nucleic acid labeling

Recently, click chemistry has been also extensively
employed for applications on nucleic acids, like oligonu-
cleotides labeling, metabolic modification of both DNA and
RNA, and optimization of biological assays (e.g. polymer-
ase chain reaction) [11]. Because of the interesting results
achieved with 2,5-diaryl tetrazoles in protein labeling, pho-
toclick chemistry found recent application even in this field.

The first example has been reported in 2014 by Wagen-
knecht and his research group, which used the cycloaddi-
tion for post-synthetic modification of oligonucleotides
[67]. They have modified 2-deoxyuridine to obtain the
tetrazole-modified nucleotide derivative 11 (Fig. 6), which
has been incorporated into three different oligonucleotide
sequences, through solid-phase synthesis. The photoreactiv-
ity of the tetrazole—oligonucleotide conjugate (2.5 uM) was
tested towards a cyanine probe (sulfo-Cy3) modified with
maleimide moiety. Irradiation with 365 nm LED led to the
fast formation of the expected pyrazoline (characterized by
emission at 400 nm), which was more efficient with double-
stranded oligonucleotides (reaching 34% yield) due to the
better accessibility to tetrazole with this DNA conforma-
tion [67]. This pioneering work demonstrated not only that
2,5-diaryl tetrazoles could be easily incorporated into DNA
and RNA sequences, but also that nucleotide presence does
not reduce the photoreactivity of these compounds, ensuring
efficient labeling.

To develop a high-performing light-up probe for the
detection of nucleic acids, 2-deoxyuridine has been modi-
fied also with tetrazole 12 (Fig. 6), exploiting the elevated
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Fig.6 A Schematic representation of photoclick labeling of tetrazole-modified oligonucleotides. B Chemical structures of the compounds 11

and 12
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efficiency of intramolecular photoclick reaction. The modi-
fied nucleotide was validated upon irradiation at 302 nm.
The rapid formation of pyrazoline led to a significant
increase in fluorescence emission at 530 nm. The process
has been investigated also on double-stranded oligonu-
cleotides finding out that the fluorescence intensity of the
resulting pyrazoline was strictly influenced by oligonucleo-
tide sequence and a significant quenching of the emission
has been observed with duplex DNA, compared to single-
stranded. Then, this interesting behavior has been exploited
to detect abasic sites (AP) in nucleic acid sequences. The
oligonucleotide-containing tetrazole was mixed with DNA
with different contents of AP sites (0%, 5%, 10%, 50%,
100%) and the resulting fluorescence light-up, recorded after
one minute of exposition to a 302 nm lamp, was linearly
correlated to AP content, evidencing the elevated sensitivity
of pyrazoline fluorescence to DNA anomalies and confor-
mational variations [68].

The possibility to efficiently modify oligonucleotide
sequences with 2,5-diaryl tetrazoles expanded their appli-
cations as sensors.

Recently, two different research groups reported two ele-
gant examples of how microRNA-tetrazole conjugates can
be exploited to detect specific nucleic acid sequences in vitro
and in the cellular environment. In 2016, Zhang et al.,
designed an innovative assay to identify target genes of spe-
cific mRNAs. They selected three cancer-related sequences,

B)

Antisense
recognition

miR-106a, miR-27, and miR-122, conjugating them to tetra-
zole 13 (Fig. 7). The photoreactivity of the substrates has
been evaluated with methyl fumarate modified with Biotin in
PBS: 5 min of irradiation at 302 nm led to the generation of
the fluorescent product in good yields. Once they have veri-
fied that conjugation to tetrazole moiety did not alter their
biological functions, miR-122 conjugated to compound 13
(Fig. 7) has been used to develop an innovative “Pull-Down”
protocol, commonly performed using Streptavidin-coated
beds to capture biomolecules tagged with Biotin [69]. In
detail, HepG2 cells were transfected with tetrazole-modi-
fied miR-122 (100 nM) and the abundance of corresponding
target genes was evaluated through quantitative Real-Time
PCR analysis, after the addition of Biotin—methyl fumarate
complex and consequent irradiation. Obtained results con-
firmed that the efficiency of this protocol was comparable
to the commonly used biotinylation method, as both proce-
dures provided similar relative miR-122 levels. To further
validate this procedure, they have evaluated the association
of miRNA with AGO2 protein, which binds microRNAs
sequences and is involved in RNA-mediated gene silenc-
ing and in the assembly of RNA-induced silencing complex
[70]. Western blot analysis confirmed an elevated recovery
of AGO?2 protein, even higher compared to the method used
as a reference, probably because of stronger hydropho-
bic interactions between tetrazole moiety and the binding
pocket of AGO2 [71]. The obtained results demonstrated
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Fig.7 A, B Schematic representation of photoclick labeling mechanisms of miRNA sequences. C Chemical structures of the compounds 13 and
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that “photoclickable” miRNAs can be efficiently employed
to target specific genes in the physiological environment.

More recently, the intramolecular cycloaddition was
exploited to design “photoclickable” miRNAs. Zhang et al.,
developed a tetrazole-modified miRNA to achieve fluores-
cent labeling of specific miRNAs sequences in living cells.
Tetrazole 14 (Fig. 7), carrying an o-allyloxy group as alkene
reagent, has been covalently conjugated to miR-122, using
a hexanedioic acid linker. Analysis of photoreactivity high-
lighted fast reaction kinetic, as the complete conversion was
achieved in 30 s in aqueous solution, and a highly fluores-
cent pyrazoline, whose emission increased significantly at
520 nm during irradiation (®;=0.25 in CH;CN/PBS solu-
tion). The ability of the constructed oligonucleotide to act
as a sensor in the cellular environment has been evaluated in
HepG?2 cells through confocal microscopy, upon excitation
at 405 nm and 720 nm. The presence of pyrazoline, mainly
distributed into the cytoplasm, was confirmed by the intense
emission recorded between 450 and 550 nm. Finally, the
efficiency of the photoclick reaction was tested irradiating
HepG2 cells with a UV-lamp, and maximum fluorescence
emission was achieved after only 20 s only in the illuminated
area, demonstrating the elevated spatial and temporal control
over the activation step [72].

Because of the large size of tetrazole moiety, and the
necessity to shift the activation wavelength towards the vis-
ible region, the tetrazole ring was conjugated in position
5 of 2-deoxyuridine, to obtain substrate 15 (Fig. 8). This
compound has been incorporated into two different oligo-
nucleotide sequences, in an internal site, and on 5'-terminal
position. The photoclick reaction has been performed among
these sequences (2.5 pM) and a slight excess of cyanine dye
(Cy3) modified with maleimide. Upon irradiation at 365 nm,
reactions were completed after 15 min, with product yields
of 74% and 62%, respectively. Resulting pyrazolines showed
increasing emission between 450 and 550 nm and, inter-
estingly, a fluorescence-energy transfer from this product
to cyanine dye has been observed: excitation of pyrazoline
chromophore resulted in an increase of the emission of Cy3
during the photoclick reaction, enabling an even more effi-
cient detection of the product [73]. The same methodology
has been applied to develop tetrazole-modified RNA oli-
gonucleotides, to perform the photo-induced ligation with

Fig.8 Chemical structures of
compounds 15 and 16

HO
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maleimide conjugated to different fluorescent dyes, as Cy3
and AlexaFluor555. The reaction worked efficiently, even
if the yield of adduct depended on the type of probe used;
higher amounts of pyrazoline were detected with Alex-
aFluor555 (84%) [74]. Despite further optimizations are
still required, the advantages of this approach are evident:
(1) nucleobase 15 (Fig. 6) can be more easily incorporated
into oligonucleotide sequence; (2) the activation can be
performed with more biocompatible wavelength; and (3)
the product formation can be detected through an efficient
energy transfer between the pyrazoline and the cyanine.

As an alternative, to introduce smaller modifications
on nucleic acid sequences, the alkene can be introduced
on nucleotides. Double bonds can be easily incorporated
using different approaches, not only with solid-phase syn-
thesis but even with more sophisticated methodologies,
including enzymatic approaches. To this aim, polymerases
are extensively employed [75], and in the case of RNAs,
methyltransferases resulted to be highly efficient with the
possibility to modify only determined classes of RNA or
specific sites of the sequence [76]. The results reported to
date and the emerging potential of click reaction of tetra-
zoles with alkene further pushed the researchers to expand
the pool of applications of these substrates. In 2019, Zhang
and its research groups firstly described the use of tetrazoles
for DNA labeling in a living system, exploiting 5-vinyl-
2-deoxyuridine (VdU), a modified nucleotide that can be
incorporated into nucleic acid sequences of living organisms
by endogenous polymerases [77]. To red-shift the activation
wavelength of the substrate, they synthesized a library of
tetrazoles modified in position 5 with different coumarin
derivatives, responsible for a pronounced bathochromic
shift, as all examined compounds displayed elevated molar
absorptivity among 335 and 341 nm. The photoreactivity
of compounds has been explored on an oligonucleotide
modified with acrylamide and, after 30 min of irradiation,
60.9% yield was achieved with an increase of fluorescence
at 450 nm, attributed to coumarin, as well as at 490 nm, due
to pyrazoline emission. To perform the reaction in the cellu-
lar environment, compound 16 (Fig. 8), characterized by an
anionic sulfonyl group to facilitate nuclear permeation, has
been developed. A549 cells have been incubated with VdU
and 16 and, after 10 min of irradiation with 350 nm LED,
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the product’s formation was confirmed by intense emission
detected in cell nuclei. To further demonstrate the labeling
efficiency, the DNA of cells was extracted and subjected
to PAGE analysis, which confirmed the incorporation of
VdU and the formation of the expected adduct. To prove
the efficacy of this approach in vivo, zebrafish embryos
were treated with VAU and 16 and subsequently irradiated
for 14 min at 350 nm. During the experiment, a significant
time-dependent fluorescence enhancement was recorded. In
addition, the authors demonstrated that the whole process
did not exhibit cytotoxic effects towards zebrafish, which
displayed a survival rate of 80% for 40 days [78]. Additional
optimizations of the reaction are still fundamental to further
increase the applicability of this approach in the biologi-
cal context, however, taken all together, the here described
results proved the high potential of photoclick chemistry for
sensing applications even in living systems.

3.3 Photoresponsive biomaterials

Tetrazoles resulted to be very promising scaffolds to per-
form biorthogonal ligation in the biological environment, as
proved by the interesting examples reported to date. How-
ever, their application is not limited to the modification and
labeling of proteins and nucleic acids, as deeply described

before. In the last years, an increasing number of works
reported the use of 2,5-diaryl tetrazoles for different pur-
poses, including the development of innovative materials for
biological applications. Recently, click reactions have been
employed to prepare in situ forming hydrogels [79], poly-
meric materials able to incorporate a high amount of aque-
ous solvent and used, for example, to develop drug deliv-
ery systems or for imaging applications [80]. Zhong et al.,
designed an innovative hydrogel based on two distinct four-
arm poly(ethylene glycol) chains: the first one conjugated to
four 2,5-diaryl tetrazole groups, compound 17a (Fig. 9), and
the second one to methacrylic anhydride 17b (Fig. 9), use-
ful for protein delivery and release. Gelation of the material
was performed irradiating the two substrates in a 1:1 molar
ratio with a 365 nm lamp. The reaction proceeded rapidly,
as proved by an intense increase of the emission at 460 nm,
and the activation with light enabled an accurate control
over hydrogel generation. Furthermore, gel content studies
showed that cross-linking was highly efficient with this pro-
cess, as an elevated gel content was obtained (ranging from
85.2 t0 92.7%). Swelling experiments pointed out excellent
stability, as the hydrogel resulted to be stable at physiologi-
cal conditions for over 20 days. The produced material has
been tested in vitro to study the release of three different
proteins, CC, Ig, and rhIL-2. All of them were quantitatively

17b

N
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18

Fig.9 Recent examples of 2,5-diaryl tetrazoles used for the development of innovative hydrogel-based materials
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released over 14-20 days and further analysis confirmed that
the encapsulated proteins completely retained their biologi-
cal activity, evidencing how photoclick chemistry represents
a suitable method to develop biocompatible hydrogels for
biomolecules delivery [81]. Similarly, to produce innova-
tive hydrogels, Zhang et al., exploited the intramolecular
cycloaddition reaction, by attaching an o-allyloxy moiety in
position 2 of C-phenyl ring and a short peptide sequence on
N-phenyl ring, as in compound 18 (Fig. 9). In this case, the
photoclick reaction has been used as a molecular switch to
regulate the assembly and the disassembly of the material,
exploiting the different aggregating properties of tetrazole
and pyrazoline. The presence of tetrazole ensures the proper
n—n stacking interactions necessary for the assembly, bal-
anced by hydrophilic interaction of the peptide introduced
in position 4 of N-phenyl ring. After the identification of the
most suitable peptide sequence, able to guarantee hydrogel
formation, the folding properties of the structure have been
investigated. After 2 min of irradiation at 302 nm, quantita-
tive pyrazoline formation was achieved and hydrogel assem-
bly was observed. Further irradiation (over 3 min) induced
gel collapse, and a complete disassembly was achieved after
10 min. In this case, the hydrogel has been used for a differ-
ent purpose, i.e. as photodegradable cell culture medium,
to control the cellular microenvironment upon activation
with light. To test the validity of this approach, the authors
evaluated the differentiation of C2C12 cells induced by
horse serum (HS), encapsulated into the hydrogel. In detail,
HS was encapsulated into the tetrazole-based material and
its release in presence of cells was induced after 2 min of
UV activation. Consequently, cell differentiation was deter-
mined by immunostaining of MyoD protein, a marker of
differentiation, through fluorescence microscopy. Finally, the
innovative material constituted by compound 18 (Fig. 9) has
been used to encapsulate human mesenchymal stem cells,
to verify the possibility of regulating their microenviron-
ment. Not only cells have maintained their viability after
encapsulation, but UV exposure and gel photodegradation
strongly influenced cell spreading and morphology, confirm-
ing the possibility to regulate cell culture medium and their
consequent growth [82].

Further optimization of this strategy led to the develop-
ment of a new hydrogel, based on tetrazole 18 (Fig. 9), used
not only for 3D encapsulation of the cells but also for micro-
RNAs delivery, which acquired increasing interest for their
promising therapeutic potential as anticancer agents [83]. To
this aim, compound 19 (Fig. 9) was modified with the short
tripeptide sequence Arginylglycylaspartic acid (RGD), able
to selectively recognize «,f3; integrin overexpressed in can-
cer cells [84], plus one glycine (G) and one serine (S) resi-
dues at the N- and C-termini, respectively. The gel formed by
the conjugate 19-GRGDS has been irradiated with UV-lamp
and a rapid formation of expected pyrazoline was proved

@ Springer

by significant fluorescence enhancement, accompanied by
gel degradation: the sol—gel transition was completed within
5 min. Subsequent experiments also demonstrated the pos-
sibility to perform 3D cell culture into the gel, as U87 cells
remained alive for 8 days after encapsulation, as well as
irradiation and consequent gel degradation did not affect
cells viability. The efficiency of the gel for miRNA deliv-
ery has been tested with tumor-suppressive miR-34a in U87
cells, measuring a significant increase of endogenous miR-
34a (35-fold). Moreover, the introduction of this specific
miRNA sequence into selected cells induced a significant
biological response: indeed, luciferase assay demonstrated
the inhibition of the expression of several important genes
targeted by miR-34a [85]. Altogether these results confirmed
the high potential of photoresponsive hydrogels for biologi-
cal and therapeutic applications.

More recently, photo-induced reaction of 2,5-diaryl tetra-
zole is emerging also with different purposes: Gabilondo
et al., exploited the reaction to assemble innovative chitosan-
based hydrogels, using the light-induced cycloaddition as
cross-linking methods to generate the material. In this case,
the reaction is used only to build the polymer, which resulted
to be not only highly fluorescent but also stable in the physi-
ological environment and highly biocompatible [86].

4 The final challenge: how to overcome
current limits

Despite the increasing number of bio-applications reported
for the light-mediated reaction of 2,5-diaryl tetrazoles
with alkenes, it appears evident that the process still suf-
fers from some important drawbacks. In general, two main
issues limit the use of this reaction in the biological field:
(1) the activation wavelength, and (2) the side reactions with
nucleophiles. In all described works, 2,5-diaryl tetrazoles are
activated by UV lamps (wavelengths ranging from 300 to
365 nm), preventing their application for bioorthogonal labe-
ling in vivo. Indeed, UV radiation can be easily absorbed
by biological tissues and can induce serious damages [87],
therefore, activation at higher wavelengths is necessary to
develop a fully biocompatible process [88]. In addition, the
well-documented ability of nitrile imine to react with natural
nucleophiles reduces the overall efficiency of the cycloaddi-
tion, as the consistent presence of water, carboxylates, and
thiols in the physiological environment lead to the genera-
tion of a plethora of side products that cannot be neglected.
Currently, to overcome these limits and identify valid
alternatives, several strategies have been explored.
Concerning the possibility to activate the substrate at
higher wavelengths, the first work developed to address this
issue has been reported by Lin et al. They have synthesized
a small library of tetrazole derivatives carrying different
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chromophores with absorption in the visible region, like
naphthalene, coumarin, and highly conjugated aromatic sys-
tems. After a preliminary evaluation of their spectroscopic
properties, they have investigated their photoreactivity in
chloroform, at 302, 365, and 395 nm, using methacrylate as
a trapping agent. Coumarin-based compound 20 (Fig. 10)
showed the highest reactivity and, after two hours of irradia-
tion, led to the formation of the desired product in 89% yield
[89]. The second attempt to red-shift the activation wave-
length is represented by oligothiophenes. Tetrazoles were
linked to bithiophene at N-2-position and modified with
different aromatic systems on the carbon atom in position
5. Photoreactivity studies pointed out that the simultaneous
presence of bithiophene and styrenyl moiety, as in substrate
21 (Fig. 10), afforded fast kinetic and high yield of the cor-
responding pyrazoline (97%), upon activation with 405 nm
laser [90]. Subsequently, the structure of these derivatives
was further implemented and oligothiophene-based tetra-
zoles have been synthesized. Increasing the number of thio-
phene units on N-2-phenyl ring, a red-shift of the absorption
maximum was observed. Then, activation of substrates has
been explored using a 405 nm laser, in presence of mono-
methyl fumarate amide, in 1:1 ACN:PBS. The formation
of pyrazoline has been detected after only 30 s of irradia-
tion. Once the efficiency of the process was proved, tetrazole
22 (Fig. 10) has been designed to increase the solubility in
physiological conditions using a negatively charged succi-
nate moiety. Modification of the structure did not impair the
reaction kinetic, as fast product formation was determined
(ky=1299+ 110 M~ s71) [91].

Considering that conjugation to oligothiophenes pushed
the absorption up to 405 nm, which is still far from wave-
lengths suitable for biological applications, alternative
strategies were developed. In general, tetrazole photoac-
tivation is based on single-photon absorption. However,
an interesting option to induce photoreactivity in the NIR
region was represented by two-photon absorption. To this
aim, authors synthesized different tetrazoles conjugated
to one or two naphthalene units, characterized by well-
described two-photon absorption properties [92]. Sub-
strates were further functionalized with polyethylene gly-
col chains and carboxylic acids to improve the solubility
in water. The photoreactivity of compounds has been pre-
liminarily investigated upon activation at 365 nm and all
of them showed an efficient generation of the correspond-
ing pyrazoline. Subsequently, they have been irradiated in
presence of acrylamide (in 1:1 ACN:PBS solution) with a
tunable femtosecond-pulsed laser with the wavelength set
at 750, 730, or 700 nm, highlighting that more efficient
cycloaddition was obtained irradiating at 700 nm. Among
all compounds, 23 (Fig. 10) displayed the fastest reaction
kinetic, with zero-order rate constant ky=0.33 uyM ™' 57!
and the highest two-photon cross section (3.8 GM). The
applicability of the reaction has been evaluated in vitro
and in living cells. In the first case, acrylamide was incor-
porated into two mutants of superfolder green fluorescent
protein, as N°-acryloyl-L-lysine. Tetrazole 23 [93] was
reacted in presence of alkene-modified protein and, after
irradiation with 700 nm femtosecond-pulsed laser for 4 h,
formation of desired pyrazoline adduct was confirmed

- m
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Fig. 10 Recent examples of tetrazoles activable by visible [20, 21, and 22] or NIR light [23]
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by ESI-MS analysis, with the conversion of 16.5%. Con-
versely, the efficacy in living systems has been tested to
detect microtubules with fumarate-modified docetaxel.
CHO cells were incubated with tetrazoles 23 (3 uM) and
irradiated with a 700 nm laser, then the reaction was moni-
tored through confocal laser scanning microscopy, record-
ing the emission between 462 and 580 nm. The maximum
intensity was detected after 43 s, only on irradiated cells,
proving that two-photon activation enables an efficient
photoclick reaction, even in living systems [93].

As demonstrated by reported examples, the activation
wavelength can be easily modulated through the optimiza-
tion of tetrazole structures. Despite the significant progresses
accomplished, several modifications and optimizations of
tetrazole scaffold can be performed, like (1) further expan-
sion of the conjugated system; (2) a direct conjugation of
the substrate to other probes absorbing in the NIR region;
or (3) exploit non-covalent interactions for the activation, as
photoactivation induced by energy transfer processes [94].

Although several alternatives have been proposed to
overcome the activation wavelength issue, only a few prac-
tical solutions have been identified to reduce side reactions
of nitrile imine and favor the cycloaddition reaction. Very
recently, Freccero et al., reported an in-depth investigation
focused on how electronic effects of substituents introduced
on N-2-phenyl and on C-5-phenyl ring can modulate the
reactivity and, subsequently, cycloaddition selectivity.
Briefly, they have synthesized a small library of different
substituted, water-soluble, tetrazoles, to analyze nitrile imine
generation efficiency and hydration vs cycloaddition selec-
tivity. While electronic properties showed only a little influ-
ence on tetrazole photolysis, they induced significantly dif-
ferent reactivity towards the dipolarophile. In particular, the
introduction of electron-withdrawing groups on C-5-phenyl
ring and electron-donating moieties on N-2-phenyl ring, as
in compound 24 (Fig. 11) ensured quantitative yields of the
corresponding pyrazoline in aqueous solution, even in pres-
ence of a low amount of alkene. However, the same study
revealed that, to achieve both remarkable selectivity and
high fluorescence quantum yield of the corresponding pyra-
zoline, the opposite configuration of substituents is more
suitable, as in compound 25 (Fig. 11): this tetrazole afforded
a highly emitting pyrazoline with good selectivity in water
solution [95]. This interesting investigation highlighted the
complexity of this photochemical process but, at the same
time, it certainly contributed to elucidate tetrazoles behavior,
underlining the sensitivity of the different reaction steps to
the electronic nature of involved reagents.

Except for the stabilization of nitrile imine intermedi-
ate and the development of highly electron-rich substrates,
other promising alternative strategies to improve reaction
selectivity are still missing. For this reason, several authors
suggested that this cycloaddition cannot be employed to tag
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proteins, since carboxylates or thiols are present on aminoac-
ids lateral chains [96].

Conversely, Luo et al., explored the possibility to exploit
carboxylates as a protein-labeling site. They have evaluated
the reactivity of different substituted substrates with propi-
onic acid, in 1:1 ACN:Buffer and found out that reactivity
and product distribution were dependent on pH solution.
In particular, nucleophilic addition to carboxylic acid was
favored at acid or neutral pH, while in basic conditions, the
cycloaddition becomes the preferred pathway. Compound 26
(Fig. 11) was selected to test reaction efficiency on amino
acids and, upon irradiation at 302 nm, the formation of the
desired adduct was observed in high yields (ranging from 33
to 78%), depending on the type of amino acid, and the pres-
ence of competitive reagents did not reduce the selectivity
of the process. Compound 26 was chosen as a model to label
Histone Deacetylase 1 and 2 in HepG2 cell lysates and, after
10 min of UV irradiation, electrophoresis analysis evidenced
the formation of the expected adduct [97].

Herner et al. proposed that tetrazoles could be used
to develop efficient photoaffinity labels to study, for
example, the preferred biological targets of new poten-
tial drugs and elucidate their mechanism of action. To
validate their hypothesis, they have modified a 2,5-diaryl
tetrazole through conjugation to two drugs, Dasatinib, a
potent inhibitor of Ber-Abl kinase [98], and JQ-1, a potent
inhibitor of the BET family of bromodomain proteins [99].
In vitro analysis of the photoinduced reaction among mod-
ified tetrazoles, and their corresponding target proteins,
showed robust cross-linking (ranging from 60 to 95%),
derived from the reaction of nitrile imine with the carbox-
ylate of glutamate residue, as pointed out by LC-MS anal-
ysis. Authors demonstrated the efficacy of this probe also
in situ, as K562 cells were incubated with the probes and,
after 5 min of irradiation at 302 nm, PAGE analysis of
extracted lysate demonstrated that both probes efficiently
captured the target proteins, with low off-target interac-
tions [100]. The same year, another work highlighted that
2,5-diaryl tetrazoles could be more efficiently employed
as photoaffinity labels, exploiting their reactivity towards
carboxylic acids. In particular, authors developed three
classes of compounds: (1) simple 2,5-diaryl tetrazoles,
to test the efficiency of the reaction with carboxylates
in physiological environment and protein labeling; (2)
tetrazoles conjugated to well-known kinase binder STS,
to test the selectivity of the process and obtain selective
photolabeling of specific protein; (3) turn-on fluorescent
probes, to further expand the applications of the process.
STS-Tetrazole conjugates, as 27 (Fig. 11), were irradi-
ated in presence of recombinant Protein Kinase A (PKA)
for 10 min and the corresponding adduct was effectively
detected. The process worked efficiently also in the cellu-
lar context (HepG?2 cells) as selective labeling of PKA was
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Fig. 11 Recent examples of tetrazole scaffolds designed to optimize cycloaddition efficiency (24 and 25) and as innovative photoaffinity probes

(26-31)

achieved and system performances were even higher com-
pared to other common photoaffinity labels, as diazirines
[101]. For the third class of sensors, authors exploited the
ability of tetrazoles to act as fluorescence quencher: they
synthesized different 2,5-diaryl tetrazoles—BODIPY con-
jugates whose emission was regenerated after irradiation
and protein labeling. Photoactivation of compound 28 in
water (Fig. 11) induced an 80-fold fluorescence enhance-
ment, as a consequence of the reaction with acetic acid,
and analogous behavior was observed in presence of two
proteins, HSA and BSA. Use of STS-labeled compound
28 enabled the selective imaging of endogenous PKA in
HepG?2 cells: intense fluorescence emission was recorded
in the cell cytoplasm and was persistent even after several

wash cycles, demonstrating that was generated by the for-
mation of a strong covalent bond [102].

This approach can also be exploited to study protein—pro-
tein interactions, for example using a genetically encoded
tetrazole, which can be incorporated into protein sequence,
as reported by Lin. They synthesized different 2-pyrrole-
tetrazole derivatives (compounds 29 a—d in Fig. 11), dif-
fering for the type of heteroatom introduced in y position
of amino acid. Photo cross-linkers were introduced on
Schistosoma Japonicum glutathione-S-transferase homodi-
mer (position E52) and obtained proteins were irradiated at
302 nm, for 15 min. SDS-PAGE analysis revealed the forma-
tion of the expected dimer with similar yields for all tested
substrates, as a consequence of tetrazole photoactivation
[103]. In this case, the authors did not employ a 2,5-diaryl
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tetrazole, but a mono-aromatic derivative; however, this type
of scaffold showed activation properties comparable to pre-
viously described compounds and represents an interesting
example of a genetically encoded probe that can be exploited
to study protein—protein interactions in their native environ-
ment. More recently, an analogous of compound 29, has
been conjugated to ubiquitin and used to monitor and clarify
the activities of deubiquitinating enzymes in live cells, an
important target against several diseases, upon activation at
365 nm [104]. In the same scenario, Hacker et al., exploited
the high reactivity of 2,5-diaryl tetrazoles against carboxy-
lates to identify new potential binding sites for inhibitors
to treat bacterial infections. Taking advantage of the high
content of aspartate and glutamate in the bacterial pro-
teome, they synthesized different tetrazole-based scaffolds
and investigated their photoreactivity towards Staphylococ-
cus aureus. Compound 30 (Fig. 11) was able to react with
the highest number of carboxylate residues and led to the
identification of around 5000 aspartates and glutamates resi-
dues after 20 min of irradiation, performed between 280 and
315 nm. To validate the efficacy of this approach in living
bacteria, they have used 31 (Fig. 11), as it displayed higher
cellular uptake. Upon irradiation, this molecule efficiently
labeled 3298 residues in S. aureus, as proved by gel electro-
phoresis and mass analysis. Elevated labeling was detected
also in Escherichia coli and Salmonella typhimurium, dem-
onstrating the wide applicability of this method to map bac-
teria proteome. This alternative use of 2,5-diaryl tetrazoles
could be particularly useful to identify novel binding sites
for potential ligands with antibacterial activity [105].
Nowadays, alternative applications of 2,5-diaryl tetra-
zoles continue to emerge and their reactivity towards bio-
logical nucleophiles became also an appealing tool to assem-
ble complex drugs. A very recent example of a partially new
use of tetrazole compounds has been described by Holland
and Fay, that developed a small library of 2-naphthalene-
5-aryl tetrazoles to combine photoclick chemistry with
radiochemistry. Briefly, they have investigated the photo-
chemical properties of these compounds and found out that
the introduction of a methoxy group on naphthalene unit
ensures efficient tetrazole photolysis at 365 nm and moderate

Fig. 12 Structure of Tetrazole—
DFO conjugate 32 reported by
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yield of corresponding nucleophilic adduct (23%). Subse-
quently, the tetrazole was conjugated to DFO, through an
alkyl spacer, a hexadentate chelate that is used in clinical
PET with %Zr-mAbs, able to coordinate the 3°Zr** metal
ion, to realize compound 32 (Fig. 12). The photoclick reac-
tion was exploited to conjugate this molecule to monoclonal
antibody Trastuzumab, used for the treatment of different
types of cancers. PET imaging studies on SK-OV-3 xeno-
grafts confirmed the efficacy of this complex conjugate, as
they evidenced the high distribution of the antibody in tumor
tissue, with elevated uptake and selectivity [106].

Taken together, the here described works represent
important milestones in the development of more efficient
photoclick reactions involving 2,5-diaryl tetrazoles. It has
been demonstrated that it is possible to perform the activa-
tion at biocompatible wavelengths, through simple modifica-
tions of tetrazole scaffold. Moreover, the increasing atten-
tion of researchers contributed to fill the gap of information
regarding the mechanism of this complex photochemical
process, from the generation of the intermediate to addition
to the alkene. Although side reactions of nitrile imine have
been considered an insurmountable obstacle, recently, it has
been demonstrated that the reactivity of this particular spe-
cies can be easily driven towards the desired reaction path-
way. Furthermore, it became clear that the reaction of nitrile
imine with nucleophiles does not represent the Achille's heel
of this process, but is an appealing opportunity to explore
alternative and effective labeling approaches.

5 Conclusion and outlooks

Since 2008 [50], photoclick reaction of 2,5-diaryl tetra-
zoles found an increasing number of applications, espe-
cially within biological field. Compared to other common
click reactions, as copper-mediated azide-cycloaddition and
Inverse-Electron-Demanded Diels—Alder [2], this process
presents some unique features, as the excellent stability of
the substrate in the physiological environment, low toxicity,
and fluorogenicity of the cycloaddition with dipolarophiles,
which enables efficient sensing of a specific biomolecule.

DFO Chelate



Photochemical & Photobiological Sciences (2022) 21:879-898

895

The main field of bio-applications of 2,5-diaryl tetrazoles
regarded mainly bioorthogonal labeling of proteins, how-
ever, they have been employed to modify nucleic acid struc-
tures and to develop innovative biomaterials, as hydrogels.
Furthermore, they are emerging even in different research
fields, as in material sciences, for the development of poly-
mers needed for photoligation systems [107] or photo cross-
linkers in nanoparticles [108].

Despite the several efforts dedicated to the optimization
of compound structures and process parameters, some draw-
backs limited the use of photoclick chemistry in the biologi-
cal field. The first one is the activation wavelength restricted
to the UV region, which causes severe damages to biological
systems. Extended aromatic systems have been employed to
shift the activation wavelength towards the near-IR region or
to exploit two-photon absorption process. Important results
have been accomplished following these strategies, however,
further optimizations of the system are still required to per-
form an efficient photoinduced cycloaddition in the biologi-
cal environment, especially in vivo. Based on the experimen-
tal evidences reported to date, direct conjugation of tetrazole
ring to probes presenting absorption in the NIR region could
be fundamental to achieve biocompatible photoactivation.
Obviously, to accomplish these results, tetrazole units
require consistent modification and novel structures should
be rationally designed to optimize optical properties. Alter-
natively, other approaches can be explored and we suggest
that an interesting option is represented by photocatalysis.
In this context, promising results have been already obtained
with upconverting nanoparticles, based on lanthanide sen-
sitizer and activator ions, able to induce a rapid conversion
of tetrazole (4,,,, =346 nm) into reactive nitrile imine upon
irradiation with NIR light at 974 nm, thanks to an energy
transfer between the sensitizer, that absorbs the radiation,
and the activator, which emits light at different wavelengths
[109]. However, to avoid the use of metal, photoactivation of
tetrazole in presence of organic photosensitizers still needs
to be explored.

The second major issue which affects the photoclick reac-
tion of tetrazoles with alkenes is represented by the collateral
reactions of nitrile imine with biological nucleophiles. This
aspect cannot be neglected because it significantly reduces
the efficiency of the process. As extensively described in
the previous section, it has been demonstrated that reactiv-
ity of nitrile imine can be addressed towards the formation
of the desired pyrazoline, introducing proper modifications
on tetrazole scaffold, as substituents with elevated steric
hindrance [61] or electron-donating groups on N-2-phe-
nyl ring [49]. However, the reaction of nitrile imine with
nucleophiles has not been considered only an undesired out-
come, but also an opportunity to explore different applica-
tions for 2,5-diaryl tetrazoles. Therefore, different research
groups proposed that tetrazoles could be rather employed

as photoaffinity labels exploiting the reaction with carboxy-
late residues of proteins [102], for studying protein—protein
interactions [103] or the distribution of new potential drugs
[100]. Considering all the promising results reported to date,
the increasing interest in photoclick chemistry, and the high
versatility of the light-generated intermediate, we envision
that photoactivable 2,5-diaryl tetrazoles will become an even
more powerful tool in many research fields, from biology to
material sciences.
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