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Abstract: “Click” cycloadditions offer effective pathways for the modifications of supramolecular
structures, polymers, and nanomaterials. These reactions include bioorthogonal mechanisms that
do not interfere with the biological processes, providing a type of chemistry to operate directly in
living environments, such as cells and animals. As a result, the “click” cycloadditions represent
highly and selective tools for tailoring the properties of nanomedicine scaffolds, expanding the
efficacy of multiple therapeutic strategies. We focused this minireview on the bioorthogonal cy-
cloadditions, presenting an insight into the strategies to modify nanostructured biomedical scaffolds
inside living systems. We organized the contributions according to the three main mechanisms of
“click” cycloadditions: strain-promoted sydnone-alkyne, tetrazine ligation, and strain-promoted

ﬁr;)ecf ﬁtfé’sr [3+2] azido-alkyne.
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ity to host different types of therapeutic payloads [7-9]. The surface functionalization of
the materials can also provide fine-tuning of key properties such as water solubility [10,11],
stealth behavior [12-14], fluorescence [15-17], and targeting ability [18-20]. These features
are essential for applications in stimuli-responsive treatments [21-23], theragnostic [24-26],
and in situ drug generation [27-30]. Different covalent and non-covalent approaches have
By been adopted for engineering nanomaterials [31-34]. Bioorthogonal chemistry offers reac-
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mechanisms can operate on nanostructures in aqueous solvents and under different condi-
tions [41-43] without being affected by the presence of salts and proteins [44]. Applying
these cycloadditions for modifying nanomaterials and polymers inside cells and living or-
ganisms facilitates improvements in the design and the accuracy of the resulting treatments.

In this minireview, we focused on the bioorthogonal “click” cycloadditions adopted to
perform modifications inside living systems on biomedical scaffolds such as polymers and
nanomaterials. Relevant applications on biomolecules were also included. We highlighted
the features provided by the decorations and their role in achieving the biomedical goals.
The contributions were organized according to the different reactions (Figure 1): strain-
promoted sydnone-alkyne cycloaddition, tetrazine ligation, and strain-promoted [3+2]
azido-alkyne cycloaddition. In consideration of this, we have narrowed the selection of
seminal papers to reactions performed in actual biosystems. Nitrone-alkyne is a further
type of cycloaddition that presents an early though important potential for bioorthogonal
mechanisms, and significant cases of this reaction are briefly mentioned.
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Figure 1. The three classes of bioorthogonal “click” cycloadditions studied for their ability to operate
inside the living environment: strain-promoted sydnone-alkyne (SPSAC), tetrazine ligation, and
strain-promoted azido-alkyne (SPAAC).

2. Strain Promoted Sydnone-Alkyne Cycloaddition—SPSAC

The potential of the strain-promoted sydnone-alkyne cycloaddition (SPSAC) was
presented by Chin and coworkers in 2014 through the coupling between N-phenylsydnone
and cyclooctyne. The pyrazole cycloadduct was obtained through a [3+2] cycloaddition
followed by the elimination of CO, through a retro-Diels—Alder reaction [45]. The reaction
efficiently worked in a buffer solution at physiological temperature without requiring
metal catalysis. The use of this reaction, however, was limited by the small rate constant
compared to other bioorthogonal reactions (e.g., SPSAC = 0.054 M~! s~! in MeOH/H,0
mixture, while SPAAC = 0.14 M~ s71) [46]. Kolodych, Taran, and coworkers focused on
overcoming this limitation by finding two key substitutions that increased the sydnone
reactivity: A chlorine on C4 (chlorosydnone, Cl-Syd) and an electron-withdrawing group on
the aryl bonded to the nitrogen (Figure 2) [47]. These key findings prompted its application
within living systems.
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Figure 2. (a) Schematic representation of the originally proposed structure of the sydnone and (b) the
higher reactive version.

Taran, Specklin, and coworkers introduced the in vivo use of the SPSAC reaction
with CI-Syd and cyclooctynes for imaging purposes through positron emission tomogra-
phy (PET) [48]. First, the authors pretreated a xenograft model of a tumor-bearing nude
mouse with sydnone-decorated Cetuzimab antibody (CTX-Syd, Figure 3) which targets
the epidermal growth factor receptor, overexpressed in several cancer cells. After three
days of CTX-Syd treatment, the fluorine-18 radiolabeled cyclooctyne (['®F]-2) was adminis-
tered, enabling the SPSAC reaction in vivo. PET imaging revealed a significantly higher
tumor accumulation of ['8F]-2 in the sample pre-treated with CTX-Syd compared to the
control treated with only ['®F]-2, indicating the specificity and efficacy of the in vivo SPSAC
coupling. This success opened several opportunities for adopting this cycloaddition in
tumor-imaging techniques.
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Figure 3. Schematic representation of the components developed by Taran, Specklin, and coworkers
for the preparation of Cetuzimab-sydnone conjugate (CTX-Syd) and SPSAC reaction with ['8F]-2 in
physiological conditions to obtain radioactive ['®F]-CTX-Pyr. (DCM = CH,Cl,). Adapted with
permission from ref. [48]. Copyright 2019 Royal Society of Chemistry.

Gerke, Rubio-Retama, and coworkers, developed nanoparticles based on bovine serum
albumin (BSA) and antibodies directed against the programmed death ligand 1 (PD-L1) [49].
PD-L1 is an important immune checkpoint inhibitor and exerts its function by binding its
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specific receptor onto the immune cell surface. PD-L1 is overexpressed onto the surface of
various cancer cell types, weakening the immune response upon binding to the receptor.
Inhibiting the interaction between PD-L1 and its receptor through antibodies against PD-
L1 is an effective strategy to restore a proper immune response against cancer tissues.
The approach proposes a proof-of-concept study by generating BSA-based nanoparticles
decorated with chlorosydnone (Cl-Syd) designed to react with the anti-PD-L1 antibody
functionalized with the dibenzocyclooctyne (DBCO) group. The approach consists of first,
in the interaction of the DBCO-functionalized anti-PD-L1 antibody with the cancer cell
surface. Subsequently, the treatment with Cl-Syd-BSA nanoparticles leads to an in situ
SPSAC reaction with the DBCO-antibody. The effectiveness of the cycloaddition in the
pre-targeted approach was demonstrated in vitro against the non-small cell lung cancer
human cell line H358 by using fluorescein isothiocyanate (FITC)-functionalized Cl-Syd-
BSA nanoparticles. After treatment with the DBCO-anti-PD-L1 antibody, the incubation
with FITC-Cl-Syd-BSA led to green fluorescence of the cell surface pre-treated with the
DBCO-decorated antibody but not for the ones pretreated with the unmodified antibody,
demonstrating the actual occurrence of SPSAC reaction on live cells in vitro.

Friscourt and coworkers demonstrated the applicability of the SPSAC reaction on pro-
teins and glycans [50] and performed for the first time the cycloaddition on nucleosides and
oligonucleotides within transfected cells [51]. Specifically, HeLa cells were transfected with
sydnone-modified DNA and subsequently treated with the sulfo-Cyanine3 fluorescent dye
conjugated to DBCO (sulfoCy3-DBCO). Confocal microscopy revealed a clear fluorescence
in the cell cytoplasm, compared with the cells not transfected with the DNA. This research
highlights the potential of the SPSAC reaction for labeling various biomolecules, including
DNA, within cellular environments, offering a promising avenue for further studies and
applications.

3. Strain Promoted [3+2] Azide-Alkyne Cycloaddition—SPAAC

The seminal application in the living system of the strain-promoted [3+2] azide-alkyne
cycloaddition (SPAAC) was presented by Bertozzi and coworkers in 2004. This work
showed the use of cyclooctynes for modifying biomolecules in living systems [52]. Despite
its relatively slow kinetics compared to other bioorthogonal cycloadditions, the SPAAC
reaction is one of the most employed bioorthogonal mechanisms in recent decades [53]. The
azide group can be properly introduced into living systems by feeding a specific organism
with azido-modified metabolic precursors [54]. The presence of the azide group as a
chemical “handle” is a minor modification of biomolecules, easily tolerated by enzymes
and metabolic mechanisms [55]. This biocompatibility, together with the fast-raising
availability of azido- and strained alkyne derivatives, has widely promoted its employment
for biomedical strategies impossible to approach with genetic methods. The SPAAC
reaction has been extensively employed in combination with live therapeutics for cancer
treatments. Several applications of this reaction show the modification of live immune cells,
bacteria, and viruses, successfully enhancing the therapeutic potential of these organisms
in preclinical trials [56].

Liu and coworkers developed nanoparticles formed by a zeolitic imidazolate framework-
8 (ZIF-8) functionalized with dibenzyl cyclooctyne. These nanoparticles were attached with
a cleavable linker (DSPE-PEG-SS-DBCO, Figure 4) to the surface of live Escherichia coli, pre-
functionalized with azido group (Figure 3) [57]. Since various attenuated bacteria present
a natural tropism for the immunocompromised and hypoxic tumor microenvironment, the
attachment of nanoparticles on their surface can significantly improve the pharmacokinetics
of nanoparticle-loaded drugs [58]. In preparing the assembly, the ZIF-8 nanoparticles were
loaded with the chemotherapeutic drug doxorubicin and the photosensitizer indocyanine
green. Subsequently, the nanoparticle’s surface was decorated with dibenzyl cyclooctyne.
This functionalization was performed via incubation with the linker DSPE-PEG-55-DBCO,
containing the cleavable disulfide group.
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Figure 4. Schematic representation of the cleavable linker DSPE-PEG-SS-DBCO: Di-stearoyl-sn-
glycero-3-phosphopthanolamine-poly(ethylene glycol)-SS-di-benzyl-cyclooctyne. This linker was
adopted by Liu and coworkers [57].

The indocyanine green is used for photodynamic and photothermal therapy as this
molecule yields a temperature increase and reactive oxygen species under near-IR laser
radiation. The metabolic decoration of E. coli cell wall with the azide group was achieved
by incubating the bacteria with azide-D-alanine. The bacteria intake of the D-alanine results
in the incorporation of the azide-D-alanine on the last amino acid of peptidoglycan stem
peptide within bacterial surface [59]. The generated microbial nanohybrid is subsequently
connected to ZIF-8 pH-responsive degradable metal-organic framework nanoparticles.
This bonding is based on a cleavable linker, sensitive to the tumor microenvironment. As a
result, the therapeutic effect remains localized in the tumoral tissue. Overall, the efficacy of
the bacteria—nanoparticles conjugate (E. coli@ZIF-855/1&D) was evaluated on a 411 murine
breast carcinoma model (Figure 5). As controls are tested the individual components of the
system. E. coli@ZIF-855/1&D revealed the strongest effect in reducing the tumoral volume.
Importantly, E. coli@ZIF-855/1&D did not cause mice body weight loss or obvious damage
in major tissues, indicating the safety of the approach.
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Figure 5. Schematic representation of the approach employed by Liu and coworkers with indocyanine
green (ICG) and doxorubicin (DOX) embedded in ZIF-8 nanoparticle that, after functionalization
with DSPE-PEG-SS-DBCO, are attached through SPAAC reaction to E. coli surface metabolically
pre-functionalized with azido-group. This decoration generates E. coli-ZIF-8ss/1&D. The release of the
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nanoparticles from bacterial surface is mediated by high concentrations of glutathione (GSH) in
tumor cells cytoplasm, while the release of ICG and DOX drugs from ZIF-8 nanoparticles is mediated
by their low intracellular pH. First, E. coli-ZIF-8ss/1&D selectively accumulate inside tumor tissue.
After the release, the laser irradiation can exert the photodynamic (PDT) and photothermal therapy
(PTT), while the doxorubicin provides the chemotherapeutic effect. Reprinted with permission from
ref. [57]. Copyright 2022 Elsevier.

The in vivo performances of the SPAAC demonstrated the wide applicability of this
bioorthogonal cycloaddition. Several strategies adopted azide and strained alkyne groups
to mimic receptor-ligand interaction in vivo, improving the pharmacokinetic and signif-
icance of multiple live therapeutics [60]. The Cai group focused on functionalizing the
surface of immune cells with an azide and the surface of tumor cells with a strained alkyne.
The selective reactivity of these two groups provided the covalent binding of the two cell
types in vivo, resulting in an enhanced tumor-specific immune response [61]. An analo-
gous strategy was employed to promote the nanoparticle uptake by cancer tissues. Cai
and coworkers functionalized—through metabolic incorporation with an azido-modified
sugar—the plasma membrane of T-cells. This functionalization is achieved by incubating
the cells with N-tetraacylated azido acetyl-galactosamine (AcyGalNAz) and harnessing
the native glycometabolism (Figure 6) [62]. The azido-decor membrane is then extracted
and used to wrap poly(lactic-co-glycolic)acid (PLGA) polymeric nanoparticles contain-
ing indocyanine green, generating the azido-labeled T-cell membrane-coated ICG-PLGA
(N3-TINP) biomimetic nanoparticles. In parallel, tumor-bearing mice are injected with
acetylated N-bicyclo[6.1.0]non-4-yne (BCN)-acetyl-D-mannosamine (Ac;ManN-BCN) to
allow the tumor cell surface to be decorated with the BCN groups. After administration of
the N3-TINP nanoparticles, the in vivo SPAAC reaction with the BCN tumor cells increased
the nanoparticle uptake and, consequently, the antitumor effect. As a result, the mice
treated with N3-TINP-treated mice showed more effective photothermal therapy with
higher local temperature and tumor eradication. Importantly, no side effects were detected.
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Figure 6. Schematic representation of the approach used by Cai and coworkers. (A) Generation of N3-
TINPs. The T cell surface is prior functionalized with azido-groups through metabolic incorporation
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of AcsGalNAz. Subsequently, T cell membranes are extracted and used to coat pre-assembled ICG-
PLGA cores. (B) Intratumor injection of AcyManN-BCN led to tumor cell surface decoration with
BCN via metabolic labeling. The following injection of N3-TINPs particles resulted in the interaction
with the tumor tissues both through immune recognition T cell membrane-tumor cells and BCN-
N3 SPAAC reaction. After laser irradiation, the tumor burden is reduced thanks to ICG-mediated
photothermal therapy. Reprinted with permission from ref. [62]. Copyright 2019 The Authors.
Published by WILEY-VCH.

The work from Qin and coworkers represents an elegant approach of in vivo SPAAC
harnessed to enhance the immune response of an anticancer vaccine [63]. The research
focused on developing an anticancer vaccine capable of targeting the lymph nodes-resident
immune cells, to trigger a more robust and durable immune response against a specific
antigen. First, the azido group was installed in the lymph nodes using (1,2-distearoyl-
snglycero-3-phosphoethanolamine—poly(ethylene glycol)-azide) (DSPE-PEG-N3). Such
a polymer is capable, after intracutaneous injection, of binding the circulating albumin
and, through an albumin hitchhiking mechanism, being transported to lymph nodes. Here,
the polymer translocates from albumin to lymphatic endothelial cells” plasma membrane.
As a result, multiple azido groups will be installed on the lymph node’s internal surface
(Figure 7). The full vaccination system, which includes the antigen peptide OVA257-264
from ovalbumin and the Toll-like receptor TLR agonist poly(I:C) adjuvant, was loaded into
DBCO-modified liposomes. The injection of the vaccine-loaded DBCO-liposomes leads to
the accumulation at the azide-functionalized lymph nodes endothelium thanks to the in situ
SPAAC reaction. The strategy resulted in being particularly effective in (i) promoting high
and specific localization of liposomes in the lymph nodes, (ii) activating strong immune
signaling and T cell response, and (iii) leading to tumor regression in a syngeneic metastatic
melanoma cancer model.
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Figure 7. Schematic representation of the approach developed by Qin and coworkers. The first step
is the administration of DSPE-PEG-Nj3 through a subcutaneous injection. The DSPE group forms a
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complex with interstitial albumin able to reach the lymph nodes. Once in the lymphatic sys-
tem, DSPE-PEG-N3 is largely distributed in the subcapsular sinus (SCS). Here, DSPE-PEG-Nj3
translocates from albumin to lymphatic endothelial cells (LECs), generating a surface covered by
azide groups available for subsequent SPAAC reaction. In a second administration step, antigen
peptide/adjuvant-loaded liposomes, modified with a DBCO group on their surface, are subcuta-
neously administered to allow vaccine accumulation at lymph nodes at the endothelial level after
the SPAAC reaction. The system provides highly efficient vaccine uptake by lymph nodes” immune
cells, such as macrophages, generating a robust antigen-specific immune response against the tumor.
Adapted with permission from ref. [63]. Copyright 2021 by WILEY-VCH.

In summary, these studies highlight the broad potential of SPAAC to perform coupling
on reactions biomolecules, polymers, and nanostructures directly within living systems.
The approaches also present the efficacy of the bioorthogonal mechanisms in biological
interaction-mimicking strategies for in situ therapeutic applications.

4. Tetrazine Ligation (Inverse Electron-Demand Diels-Alder)

The tetrazine ligation is based on an Inverse Electron-Demand Diels—Alder (IEDDA)
cycloaddition that occurs between a 1,2,4,5-tetrazine and a strained alkene, or alkyne,
dienophile. The bioorthogonal nature of this coupling was presented in the initial study,
together with its applicability in living systems [64]. This fast kinetic and the essential ab-
sence of byproducts of this mechanism are two key qualities for in vivo applications [53,65].
A frequently used tetrazine is the 6-phenyl-1,2,4,5-tetrazine having the molecule of interest
at position 3. This group shows a good balance between reactivity and limited steric hin-
drance, also offering compatibility with biological systems [66]. As a dienophile, the trans-
cyclooctene (TCO) is one of the typical strained alkenes employed. An added possibility
with respect to other “click” cycloadditions is to use this reactivity for the “click-to-release”
mechanism, with the possibility to “uncage” drug and dye molecules at the therapeutic
site [67].

Hou and coworkers developed an efficient antibacterial strategy through IEDDA
reaction between a tetrazine-modified Janus nanoparticle and TCO-labeled bacteria [68].
Janus nanoparticles can have two or more components and offer different surface properties
for biomedical applications. In the study, the nanoparticles were composed of Au and
MnFe;O4 (Au/MFO), resulting in magnetic properties with antibacterial and self-tracking
properties (Figure 8).

In this work, the Au portion of the nanoparticles is functionalized with tetrazine via
Au-Sbonding. The nanoparticles were first treated with a mixture of mercapto polyethylene
glycol-monomethyl ether (HS-PEG-OMe) and -amine (HS-PEG-NH3) to generate an amino
functionality that reacted with tetrazine-NHS to yield tetrazine-decorated nanoparticles.
On the other side, the MFO portion exerts three different actions: First, a peroxidase activity,
catalyzing the oxidation of the chromogenic substrate 3,3',5,5'-tetramethylbenzidine by
H,0; and providing the nanoparticle self-tracking activity for quantifying bacteria. Fur-
thermore, the magnetic property of the MFO is exploited for nanoparticle separation and
to directly damage the bacterial membrane by magnetic heating with a high-frequency
magnetic field. To promote the nanoparticle activity, a panel of Gram-positive bacteria
(Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, and Streptococcus pyogenes) was
equipped with TCO groups on their surface, providing the chemical handle for grafting
tetrazine-decorated therapeutic nanoparticles. To achieve the TCO decoration, bacteria
were fed with D-lysine-PEG4-TCO, which metabolically incorporates the TCO in the termi-
nal peptide of the peptidoglycan on the bacterial surface [69]. After one hour of incubation
of TCO-tagged bacteria with tetrazine-modified nanoparticles to enable the “click” reaction,
bacterial viability revealed a dose-dependent therapeutic result, showing the occurred
coupling reaction. The observed effect is also significantly higher compared to the control
bacteria treated with the nanoparticles lacking the tetrazine group. Overall, the quick
reactivity of the tetrazine results in efficient bacterial killing while the peroxidase activity
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of the MFO offers traceability for diagnostic applications, such as skin and urinary tract
infections.
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Figure 8. Antibacterial strategy developed by Hou and coworkers. Schematic representation of
bacterial surface functionalization with TCO and in vivo conjugation with tetrazine-Janus magnetic
nanoparticle through tetrazine ligation. The Au portion of the Au/MnFe;O4 Janus nanoparticles
(Au/MFO) provides the backbone for tetrazine(Tz)-functionalization, while the MFO portion pro-
vides peroxidase activity (TMB = 3,3’ 5,5'-tetramethylbenzidine), and its magnetic property allows for
the magnetic separation, heating, and subsequent killing of the bacteria. Reprinted with permission
from ref. [68]. Copyright 2020 by WILEY-VCH.

The application of the “click-to-release” mechanisms for the tetrazine ligation on
nanomaterials was shown by Li and coworkers. The authors performed the decoration of
carbon nanotubes to increase the specificity of tumor imaging and targeting. The approach
consists of a two-step pre-targeting strategy: (i) Carbon nanotubes decorated with tetrazine
groups were first injected, accumulating at the tumor site due to the enhanced permeability
and retention effect and providing localized tetrazine groups. (ii) Subsequently, the TCO
drug or TCO dye is administered to let the two counterparts meet and perform the IEDDA
coupling in situ (Figure 9) [70]. The drug (doxorubicin) or dye (hemicyanine) molecules are
bonded to the TCO group via a carbamate linker, enabling a spontaneous and responsive
detachment after the IEDDA reaction in the biological environment. This particular design
of the TCO-molecule conjugates allows them to shift from inactive to active form only after
the in situ IEDDA reaction has occurred. In particular, the TCO-doxorubicin conjugate
shows minimal toxicity levels compared to free doxorubicin. The TCO conjugation also
masked the fluorescence of hemicyanine. The experiments were performed in vitro and
in vivo on breast cancer models. The toxicity against the MCEF-7 cell line was 25 times
higher for cells pre-treated with tetrazine-SWCNT compared to the not pre-treated ones.
The efficacy of the imaging approach was shown in vivo on CT26 xenografts mouse model
where only the group pre-treated with tetrazine-nanotubes and administered with TCO-
hemicyanine showed time-dependent tumor accumulation. In comparison, control groups
showed a negligible signal as confirmed by ex vivo experiments. This tumor pre-targeting
strategy employing carbon nanotubes as a delivery vehicle provided spatiotemporal control
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Temporal Control (sequential administration)

for tumor sites over normal tissues. Taken together, the results highlight the potential of
tetrazine-TCO “click” reaction for in vivo theragnostic applications.
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Normal cell Cancer cell

Spatial Control (Tumour pretargeting)

Figure 9. Schematic representation of the in situ “click-to-release” strategy for drug release in
cancer cells. Tumor-bearing mice are pretreated with tetrazine-functionalized carbon nanotubes that
accumulate selectively within tumor cells. The second injection of TCO-caged drug or fluorogenic dye
allows the in situ release only after the IEDDA reaction in the so-called “click-to-release” approach.
Reprinted with permission from ref. [70]. Copyright 2020 The Authors. Published by Wiley-VCH.

The tetrazine ligation was applied by Goos and coworkers for cancer imaging through
the in situ decoration of star-shaped polymeric nanoparticles (nanostars) with a radio-
tracer [71]. Nanostars present a high functionalization potential, low viscosity, and small
size. These nanoparticles also accumulate in cancer tissues through enhanced permeability
and the retention effect, resulting in ideal vectors for theragnostic purposes. The nanostars
were functionalized with TCO through PEG linkers and then coupled with two radio-
fluorinated tetrazines ([18F] F-Tz-PEG11-NODA and [18F] F-Tz-NODA), allowing for the
in vivo biorthogonal IEDDA “click” reaction at the tumor site (Figure 10). Significantly,
it was found that the reactivities of TCO- functionalized nanostars decreased with the
increase in the PEG-linker length, as shown by PET imaging. This pre-targeting strategy
enables separating the nanostar administration from the radioligand injection, improving
tumor-to-background ratios and minimizing radiation exposure to healthy organs.

(Gd*),

MRI component poly(ethylene glycol)
(PEG)

\ e

1. Injection of
nanostars

3. Injection of
radioligand

2. Accumulation in tumor tissue 4. In vivo click reaction

Figure 10. Graphical representation of the passive pre-targeting approach proposed by Goos and
coworkers. The nanostars are composed of a polymeric backbone functionalized with a TCO group
through a PEG linker of various sizes. The presence of gadolinium(III) (Gd3*) is for the concomitant
tracing detection by magnetic resonance imaging. After injection, TCO-functionalized nanostars
passively accumulate at the tumor site. Subsequently, a tetrazine-functionalized radioligand is
injected to obtain the selective binding to the TCO-functionalized nanostars and the PET imaging.
Reprinted with permission from ref. [71]. Copyright 2020 Elsevier.



Reactions 2024, 5

241

In traditional targeting methods based on biological ligands, tumor heterogeneity
and limited expression of receptors challenge the theragnostic strategies. Guihong and
coworkers developed a two-step tumor targeting using the IEDDA reaction aimed at
overcoming these limitations. The approach relies on a modified peptide capable of
cell membrane accumulation at low pH through C-terminus insertion (tetrazine-pHLIP,
Figure 11) [72].
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Figure 11. Schematic representation of the IEDDA-based two-step tumor-targeting strategy employed
by Guihong and coworkers. (A) Preparation of indocyanine green-loaded serum albumin nanopar-
ticles functionalized with TCO group (THI); Glutathione (GSH) protects cells from phototherapy-
induced reactive oxygen species (ROS). (B) Tetrazine-modified pH (low) insertion peptides (pHLIP-
Tz) (pTz) accumulate at the tumor site by incorporation into the cell membrane in a pH-dependent
manner. These insertions provide chemical handles on the cell surface of cancer cells, vascular
endothelial cells (VEC), and tumor-associated fibroblasts (TAF). The tetrazine groups are used as
baits for THI through the IEDDA reaction with TCO. Then, THI mediates photothermal therapy after
NIR laser irradiation. Reprinted with permission from ref. [72]. Copyright 2018 WILEY-VCH.

The coupling of the N-terminus tetrazine-derivative of the peptide with the tetrazine
chemical handle occurred selectively in tumor tissues, as demonstrated by the IEDDA
reaction in the in vivo xenograft mouse model. The efficacy of the pH dependance and
in situ reactivity were performed on different cancer cell lines (HeLa, HUVEC, and NIH
3T3) pretreated with tetrazine-pHLIP at pH 6.2 and 7.4. Only the cells incubated at pH
6.2 showed fluorescence after treatment with a TCO-fluorophore (TCO-Cy5). The tumor
accumulation of tetrazine-pHLIP was observed in vivo by histological TCO-Cy5 staining
of various organs on a tumor xenograft mouse model. As an effector for the theragnostic
approach, indocyanine green-loaded serum albumin nanoparticles functionalized with the
TCO group (denoted as THI) were prepared. The in vivo photothermal efficiency from
the indocyanine green-loaded nanoparticles was explored after NIR laser irradiation on a
tumor xenograft mouse model. Notably, the complete tumor ablation was achieved after
a single application of the proposed treatment, with minimal tumor regrowth. This two-
step approach enhanced tumor-selective accumulation, improving photothermal therapy
efficiency without significant toxicity for healthy tissues.

A further type of “click” cycloaddition that is worth to be mentioned is the nitrone-
alkyne one. The explored applications of this reaction on nanostructures involve the
coupling step before the effective administration to the living environment. However,
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several studies offer a high potential for conducting the decoration of the nanostructures
and polymers directly inside cells and biosystems [73-75].

5. Summary and Outlook

The recent development of bioorthogonal reactions opened a plethora of new opportu-
nities for enhancing the outcome and specificity of nanomedicine-based treatments. “Click”
cycloadditions demonstrated the ability to operate inside bioenvironments for increas-
ing the targeting of desired tissues, the tissue-specific drug release, and the specificity of
imaging agents. Bioorthogonal “click” cycloadditions offer selectivity, fast kinetics, and
biocompatibility, making them ideal tools for chemistry in living systems. In this minire-
view, we presented the three fundamental types of bioorthogonal “click” cycloadditions to
operate transformations on nanostructures and polymers, directly in biosystems: SPSAC,
SPAAC, and tetrazine-TCO ligation. The presented research frames a reactivity also aimed
at overcoming the limitations of various classical chemotherapies, including off-target
toxicity and lack of spatiotemporal control. The use of these cycloadditions in biological
studies has rapidly increased in recent decades and is expected to expand further. We
envision that their use will offer a growing number of examples in living organisms, further
expanding the foundation for improved therapeutic approaches.
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