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Bioorthogonal chemistry comprises chemical reactions that can take place inside complex biological
environments, providing outstanding tools for the investigation and elucidation of biological processes.
Its use in combination with nanotechnology can lead to further developments in diverse areas of

biomedicine, such as molecular bioimaging, targeted delivery, in situ drug activation, study of cell-

nanomaterial interactions, biosensing, etc. Here, we summarise the recent efforts to bring together the

unique properties of nanoparticles and the remarkable features of bioorthogonal reactions to create
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a toolbox of new or improved biomedical applications. We show how, by joining forces, bioorthogonal

chemistry and nanotechnology can overcome some of the key current limitations in the field of

DOI: 10.1039/d0Nna00873g

rsc.li/nanoscale-advances

1. Introduction

Nanoparticles (NPs) have outstanding physical and chemical
properties that have been exploited over the last decades in the
biomedical field in the quest for advanced tools for the diag-
nosis and therapy of various diseases. Some of their unique
optical and magnetic features at the nanoscale enable their use
in detection/biosensing," photodynamic therapy or magnetic
and optical hyperthermia,»® or as contrast agents in fluores-
cence, magnetic resonance, photoacoustic or photo-
luminescence imaging."* Additionally, suitably engineered NPs
(for example liposomes, polymeric or mesoporous NPs) can act
as nanocarriers for controlled delivery of therapeutic (bio)
molecules,> providing several advantages over conventional
systemic drug delivery, such as high loading capacity, cargo
protection, improved drug pharmacokinetics, biodistribution
and bioavailability and controlled release of the cargo (often
based on the stimuli-responsiveness of the nanocarrier itself).
Besides the use of their intrinsic physicochemical properties,
many biological and biomedical applications of NPs rely on
their coupling to other molecules, a process known as bio-
conjugation. The functionalisation of nanoparticles with rele-
biomolecules (antibodies, aptamers, peptides,
carbohydrates, etc.) can improve their ability to cross biological
barriers and enables specific recognition of cell surface
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nanomedicine, providing better, faster and more sensitive nanoparticle-based bioimaging and biosensing
techniques, as well as therapeutic nanoplatforms with superior efficacy.

receptors™® (active targeting, as opposed to passive accumula-
tion of NPs in solid tumours through the enhanced permeation
and retention -EPR- effect”). It is very often that both diagnostic
and therapeutic functions can be integrated in the same
multifunctional nanoplatform, concept known as theragnosis.®
Moreover, for specific applications (for example, signal ampli-
fication for detection or targeted drug delivery purposes), the
use of multivalent nanoconjugates with high avidity (high
density display of biomolecules on the nanoparticle surface)
can be particularly advantageous.®™*

Over the past decade, an increasing number of publications
reported biomedical applications of nanoparticles based on the
use of bioorthogonal chemistries - reactions that can take place
in complex environments, including living systems, with
complete specificity and minimal interference with native bio-
logical processes.”*™* Usually, a bioorthogonal reaction involves
the incorporation of a chemical bioorthogonal reporter (see
Section 2.2) to the target biomolecule by using the cell's own
biosynthetic and metabolic mechanisms, followed by covalent
reaction with an exogenous probe. However, performing bio-
orthogonal chemistry in vitro and in vivo is not a trivial task, for
several reasons. First, not any chemical motif can function as
a bioorthogonal reporter; in fact, only a handful of them are
truly bioorthogonal (meaning that they do not interfere with
biological functionalities) and possess selective reactivity
toward their bioorthogonal partner. Second, bioorthogonal
reactions must fulfil several stringent requirements, most of
which are common to the so-called “click” reactions.'® They
must be water-compatible, not susceptible to the nucleophilic
attack of ubiquitous amine and thiol groups present in
biomolecules, not sensitive to redox and enzymatic chemistry,
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and must not require heating above 37 °C, pressure or the
presence of cytotoxic reagents and/or catalysts. Furthermore,
they must be highly selective and have favourable reaction
kinetics, given the low concentrations in which many biomol-
ecules are present inside living systems. To date, diverse bio-
orthogonal reactions have proved their usefulness in many
fields, such as biology, medicine, biomaterials science and
nanotechnology. Examples include in vitro and in vivo imaging
of biomolecules (antibodies, enzymes, glycans, etc.),"” ™
some®*?** and cell*** tracking, nuclear medicine,*** manipu-
lation of protein activity,? artificial cell-cell interactions,*”*® in
vivo tumour targeting,>?*° prodrug activation,*
sensing,*® functionalisation of nanomaterials®**3°
biomaterials.****

While plenty of reviews can be found in the literature on the
topics of biomedical applications of NPs and on bioorthogonal
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chemistry separately, not so many are available concerning
biomedical applications involving both bioorthogonal chem-
istry and nanotechnology. In our view, this is a field which will
continue to expand in the coming years and will have a partic-
ularly strong impact in the development of new or improved
biomedical applications. Therefore, in this review we present
our vision on the unique opportunities that the powerful
combination of bioorthogonal chemistry and nanotechnology
can provide for bioimaging, biosensing/detection and thera-
peutic applications. We start by introducing some important
concepts related to bioorthogonal chemistry, focusing on the
main types of bioorthogonal reporters and bioorthogonal
reactions discussed throughout the review (Section 2). We then
turn our attention to the most promising applications in
different areas, highlighting relevant examples from the fields
of bioimaging, biosensing/detection and therapy (Section 3).
For the sake of clarity and focus, we have curated a selection of
representative examples that present clear in vitro and in vivo
applications. We apologise in advance for any omission, and we
encourage the reader to check Table 1, in which a more
comprehensive compilation of references is included.
Regarding the biomedical applications herein described, they
are based on three main combinations of NPs and bio-
orthogonal reactions (Fig. 1):

(a) “Classical” bioorthogonal in vitro and in vivo coupling of
NPs to cells or tissues — in these cases, the living systems are
modified to incorporate chemical reporters and the NPs are
suitably functionalised with the bioorthogonal partner.

(b) Bioorthogonal reactions taking place inside living
systems between two building blocks, at least one of them being
a nanoparticle; they do not necessarily involve a classical
labelling of a living system with a bioorthogonal reporter, as in
the first case. Note that, in some cases, bioorthogonal reactions
falling into this category can be bond-breaking and not bond-
forming reactions (bioorthogonal uncaging, see Section 3.6).

(c) Bioorthogonal chemistry approaches for NP functionali-
sation in view of the biomedical application. A comprehensive
overview of the use of bioorthogonal chemistry for functional-
isation of nanomaterials and nanoparticles is beyond the scope
of this review; therefore, we only selected examples which are
relevant in light of the biomedical applications of the corre-
sponding NPs and we encourage the reader to consult detailed
reviews on the topic.>*333¢4243

We hope that the examples discussed in this review will
showcase the potential of bioorthogonal chemistry to address
the following key issues in the field of biomedical applications
of nanoparticles:

e Can bioorthogonal chemistry help in the development of
more powerful NP-based bioimaging and biosensing
techniques?

o Is it possible to improve the targeting abilities of NPs, going
beyond classical passive (EPR effect) and active (receptor-based)
targeting approaches?

e Can the combination of nanoparticles with bioorthogonal
chemistry overcome some of the current translational hurdles
in cancer nanomedicine (such as tumour heterogeneity)?

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Biomedical applications based on the combined use of bioorthogonal chemistry and nanoparticles. (a), (b) and (c) denote the type of
bioorthogonal reaction as depicted in Fig. 1. The examples discussed more in detail in this review are marked with an asterisk

Reaction type Reaction partners Nanoparticle type Biomedical application Ref. Year
Staudinger ligation Azide + triarylphosphine Polymer micelles In vivo active tumour targeting® 49 2019
Copper-catalyzed alkyne- Azide + linear alkyne Polymer dots In vitro protein and glycoprotein labelling™* 93 2010
azide cycloaddition (CuAAC) Magnetic mesoporous silica Selective recognition and labelling of bacteria® 101 2016
nanoparticles
Carbon quantum dots In vitro specific nucleus bioimaging®* 102 2017
Magnetic nanoparticles In vitro cancer cell targeting® 103 2018
Fluorescent nanodiamonds  In vitro imaging and tracking of membrane 92 2019
proteins™*
Strain-promoted alkyne-azide Azide + strained (cyclic) Quantum dots In vitro metabolic imaging™* 69 2010
cycloaddition (SPAAC) alkyne In vivo imaging of respiratory viral infection® 104 2014
Liposomes In vivo tumour targeting and delivery™* 105 2012
Magnetic nanoparticles In vivo pretargeted positron emission 106 2013
tomography imaging®*
In vivo T, signal enhancement in MRI®* 107 2014
Glycol chitosan nanoparticles In vivo active tumour targeting and drug 108 2014
delivery™*
In vivo active tumour targeting®* 109 2017
Silica nanoparticles Imaging of cellular localization and excretion of 110 2015
nanoparticles®
Gold nanoparticles In vitro SERS imaging®* 111 2017
Glycol chitosan In vivo stem cell tracking and imaging™* 23 2017
nanoparticles, gold
nanoparticles, magnetic
nanoparticles
Dendrimer-based In vivo active tumour targeting®* 112 2017
nanoparticles In vivo pretargeted nanoradioimmunotherapy® 113 2018
Lipid nanoparticles In vivo synergistic imaging-guided 76 2017
photothermal/photoacoustic therapy™*
Mesoporous silica Invitro pretargeting for enhanced diagnostic and 114 2018
nanoparticles therapeutic effect”
Biomimetic (T cell In vivo enhanced photothermal therapy® 94 2019
membrane-coated) polymeric
nanoparticles
Hybrid glycol chitosan - In vivo imaging and tracking of stem cells in 115 2019
magnetic nanoparticles stroke®*
Strain-promoted alkyne- Nitrone + strained Magnetic nanoparticles In vitro targeting® 34 2012
nitrone cycloaddition (cyclic) alkyne
(SPANC)
Inverse electron-demand Tetrazine + strained Quantum dots In vitro targeting® 55 2010
Diels-Alder (IEDDA) reaction alkene/alkyne In vivo single-cell multiplexed cytometric 116 2015
imaging®
Magnetic nanoparticles Signal Biomarker detection®* 95 2010
amplification for: Point-of-care micro-NMR for 117 2011
cancer diagnostics™*
Intracellular biomarker 96 2011
detection®
Bacterial detection™* 118 2011
Detection of circulant tumour 119 2012
cells™*
Tumour biomarker 97 2012
profiling®*
Detection of glioblastoma- 120 2012
shed microvesicles for
therapy monitoring®*
Spatiotemporal labelling of 121 2013
cells with photoactivatable
fluorophores®
Sequential prodrug activation®* 122 2017
In vitro cancer cell targeting® 103 2018
Liposomes In vivo pretargeted positron emission 123 2013

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)
Reaction type Reaction partners Nanoparticle type Biomedical application Ref. Year
Albumin nanoparticles In vitro intracellular drug delivery™* 91 2014
100 2020
In vivo intracellular drug delivery for enhanced 98 2016
therapeutic efficacy™*
In vivo enhanced photothermal therapy™* 124 2018
Supramolecular, self- In vivo pretargeted positron emission 125 2016
assembled nanoparticles tomography imaging®*
Mesoporous silica In vivo pretargeted positron emission 126 2017
nanoparticles tomography imaging®
Tumour targeting®* 99 2019
Hybrid ®*Ga-magnetic In vivo pretargeted molecular imaging of 127 2019
nanoparticles atherosclerosis®*
In vivo fast pretargeted imaging of thrombi™* 128 2020
Upconversion nanoparticles “On” and “off” switching of photodynamic 129 2019
therapy function of nanoparticles in vivo®
Gold nanorods In vivo prodrug activation, photothermal therapy 130 2019
and optoacoustic imaging®*
Polymeric nanostars In vivo pretargeted positron emission 131 2020
tomography imaging™*
Carbon nanotubes In vivo pretargeted fluorescence imaging™* 132 2020
Nanomicelles In vivo prodrug activation®* 133 2020
Polymer brushes In vivo pretargeted nuclear imaging® 134 2020
Oxime ligation Oxyamine + aldehyde/  Polymeric nanoparticles In vivo active tumour targeting® 135 2015
ketone Liposomes Cell transfection® 136 2017
Strain-promoted Iminosydnone + strained Nanomicelles In vivo controlled release™* 137 2019

iminosydnone-cycloalkyne
cycloaddition (SPICC)

alkyne
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a)
Cu(l)-catalysed [3 + 2 ] azide-alkyne cycloaddition (CuAAC):
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b) Strain-promoted [3 + 2 ] azide-alkyne cycloaddition (SPAAC):
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c)
Inverse electron-demand Diels-Alder cycloaddition (IEDDA):
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@ SPAAC
k~102 -1 Mt

(a—c) Main bioorthogonal reaction schemes discussed in this review, including representative examples of strained alkynes and cyclic

alkene reagents. (d) Comparison of reaction kinetics of CUAAC, SPAAC and IEDDA.

2. Bioorthogonal chemistries — meet
the partners

From a historical point of view, the “bioorthogonal chemistry
revolution” started with the development of the Staudinger—
Bertozzi ligation, based on the reaction between azides and
tryarylphosphines.** The Staudinger-Bertozzi ligation has
found several applications in chemical biology, including in vivo
labelling of biomolecules in mice and zebrafish,"*® and
recently the first examples of its use for the functionalisation of
gold nanoparticles were reported by Workentin and co-
workers.*”** However, it proceeds at slower rates than other
bioorthogonal reactions and the phosphine reagents are prone
to air oxidation, these probably being the reasons that prevent
its more widespread use in nano(bio)technology. To the best of
our knowledge, the first example of in vitro and in vivo appli-
cations involving nanomaterials and Staudinger ligation has
been only recently described in the context of targeted delivery
of polymer nanomedicines.*

In Section 2.1 we will turn our attention towards those bio-
orthogonal chemistry reactions that were most commonly used
in the realm of nanotechnology, namely the azide-alkyne
cycloadditions (in their copper-catalysed and strain-promoted
versions, CuAAC and SPAAC, respectively) and the inverse

© 2021 The Author(s). Published by the Royal Society of Chemistry

electron-demand Diels-Alder (IEDDA) cycloaddition (these
reaction schemes are depicted in Fig. 2; see Table 1 for
a broader overview of literature examples involving these and
other types of bioorthogonal chemistries used for biomedical
applications in combination with nanoparticles). As the focus of
the review is on the final applications of the nanoparticles
rather than on the bioorthogonal reactions, we will only provide
the amount of detail considered necessary for the under-
standing of the topic and we will direct the reader to other
relevant literature reviews on each of these bioorthogonal
reactions, where available. Then, in Section 2.2 we will give
a succinct overview of the main types of chemical groups used
as bioorthogonal reporters and how they can be incorporated
into the desired biomolecules.

2.1 Bioorthogonal reaction schemes

2.1.1 Copper-catalysed azide-alkyne [3+2] cycloadditions
(CuAAC). Azides can act as 1,3-dipoles and undergo [3+2]
dipolar cycloadditions with dipolarophiles such as activated
alkynes to yield stable 1,4- and 1,5-disubstituted triazole
adducts. However, in its classical form firstly described by R.
Huisgen in 1963 the azide-alkyne [3+2] cycloaddition requires
elevated temperatures, which obviously prevents its applica-
tions to living systems. In the early 2000's the groups of K. B.

Nanoscale Adv., 2021, 3, 1261-1292 | 1265
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Sharpless® and M. Meldal** independently discovered that the
addition of catalytic amounts of Cu(i) significantly enhanced
the rate of the cycloaddition, enabling it to proceed in a regio-
selective fashion (only the 1,4-disubstituted triazole is obtained,
with practically quantitative yield) at room or physiological
temperature and over a broad pH range. The CuAAC is known as
the quintessential example of click reaction and has been
applied to a wide variety of biomolecules and bioconjugates
(nucleic acids, proteins, enzymes, glycans, virus particles).'>*>*
In terms of NP functionalisation, the CuAAC reaction has been
extensively used for gold, polymeric, magnetic and carbon
NPs;?>%%** however, it cannot be applied to typical, semi-
conductor nanocrystal-based quantum dots due to the fact that
the Cu() catalyst quenches their fluorescence in an irreversible
manner.” The primary drawback of the in vitro/in vivo CuUAAC
reaction is the necessity to employ the copper catalyst, which
can lead to cytotoxic effects arising from the production of
reactive oxygen species.”**® To tackle this problem, several
groups designed more biocompatible Cu(r) catalysts based on
ligand-copper complexes, which have been successfully
employed for the labelling of different live mammalian cells as
well as zebrafish embryos.>*** A special mention here goes to
the development of nanoparticle-based copper catalysts, suit-
able for intracellular applications such as in situ drug
synthesis.>**

2.1.2 Strain-promoted azide-alkyne [3+2] cycloadditions
(SPAAC). To overcome the cytotoxicity of the copper catalyst, the
group of C. Bertozzi pioneered an alternative, copper-free azide-
alkyne [3+2] cycloaddition in which the alkyne partner is con-
strained within an eight-membered ring (strain-promoted
azide-alkyne [3+2] cycloaddition, SPAAC, Fig. 2b).** This
geometry produces approximately 18 kcal mol ' of strain,
which leads to a dramatic increase in the reaction rate when
compared to linear alkynes. However, SPAAC reactions
involving simple cyclooctynes are rather slow (their second-
order rate constants have values comparable to the Staudinger
ligation, of 107> M~" s™"). Thus, much effort has been devoted
towards the development of new families of more reactive
cyclooctynes,®°¢ achieving up to 400 times faster kinetics with
the biarylazacyclooctynone derivative BARAC (k = 0.96 M~
s).%” Typical solutions for improving the reactivity of cyclo-
octynes include introducing electron-withdrawing groups such
as fluorine®®® or additional strain elements, for example
a cyclopropane ring opposite to the triple bond, leading to
a bicyclo[6.1.0]non-4-yne (BCN) structure” and fused aza-
dibenzocyclooctyne (ADIBO or DBCO) scaffolds.®””* It
should be noted though that the increase in reactivity often
comes at the expense of lower stability and shelf life, increased
hydrophobicity and cumbersome and low-yield synthetic
procedures. Therefore, a compromise must be sought for
finding the best cyclooctyne derivative for each intended
application. The functionalisation of nanoparticles with
strained alkynes in view of in vitro and in vivo bioorthogonal
reactions can be a particularly demanding issue. The chemistry
employed to link the strained alkyne to the nanoparticle must
not alter the stability and functionality/reactivity of neither the
NP nor the alkyne (the reaction used for functionalisation of

1266 | Nanoscale Adv, 2021, 3, 1261-1292
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nanoparticles with strained alkynes is in most cases the
straightforward amide-bond formation). Some of the most
reactive cyclooctynes are often not the ideal choice due to their
hydrophobicity, which can affect the colloidal stability of the
nanoparticles, especially at high-density modification of the NP
surface. To overcome this issue, the strained alkyne can be
modified to incorporate short ethylene glycol linkers**”* or can
be linked to the polymer used to transfer to aqueous phase NPs
that were synthesised in organic media;”® another common
strategy is the incorporation of polyethylene glycol (PEG) chains
on the surface of the nanoparticle, often both as stabilizers and
as functional linker to which the cyclooctyne can be conju-
gated.®®’® Moreover, attention should be paid to the presenta-
tion and possible steric hindrance of the cyclooctyne moieties
on the surface of the nanomaterial, in order to ensure the
success of the SPAAC reaction with the azide-labelled
biomolecule.

2.1.3 Inverse electron-demand Diels-Alder (IEDDA) reac-
tion. The inverse electron-demand Diels-Alder (IEDDA) cyclo-
addition, developed in 2008 by the groups of Fox’” and
Weissleder,” is the fastest bioorthogonal click reaction reported
so far, with kinetics of up to 10° M™* 577 The reaction takes
place between an electron-deficient diene and a dienophile and,
unlike the normal electron-demand Diels-Alder cycloaddition, it
is irreversible. Typically, the role of the diene is played by 1,2,4,5-
tetrazine (Tz) - and therefore this type of bioorthogonal reaction
can be found sometimes in the literature as “tetrazine ligation” -
while the dienophile partner is usually a trans-cyclooctene (TCO)
or a norbornene (NB) derivative, although other dienophiles such
as cyclopropene or cyclooctyne derivatives (e.g. BCN, DBCO) can
be employed. IEDDA bioorthogonal chemistry is nowadays
commonly used in chemical biology, imaging and materials
science. This widespread use was made possible by the efforts put
in the development of more robust and reactive tetrazines and
dienophiles (for reviews highlighting synthetic advances in the
field, see the excellent works of Oliveira et al*® and Wu and
Devaraj*); however, what makes the IEDDA reaction truly
outstanding for bioorthogonal applications is its ultrafast rate.
This means that the IEDDA reaction can take place efficiently on
biological time scales and at low concentrations, similar to those
of many relevant biomolecules. As in the case of the SPAAC
reaction though, several factors should be taken into account
when conjugating IEDDA-reactive molecules to nanoparticles:
reactivity, display of the diene or dienophile on the NP surface,
stability and solubility of the molecule in aqueous media and
colloidal stability of the final conjugate. Most of the examples
found in the literature report the functionalisation of NPs with
tetrazine derivatives, either directly to the NP coating (mostly via
amide bond formation) or attached to PEG-type linkers for
increased colloidal stability and avoidance of unspecific binding
to cells. In general, unsubstituted tetrazine has faster kinetics,
but is less stable in complex media such as serum, while tetra-
zines bearing electron-withdrawing groups are more reactive than
those substituted with electron-donating groups, but show lower
stability.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Bioorthogonal reporters

The first step of a classical bioorthogonal “click” labelling as the
one depicted in Fig. 1a involves the incorporation of a chemical
reporter into the living system, ideally without significant
structural alterations of the target biomolecule. This can be
accomplished by using small, preferably abiotic chemical
functionalities linked to substrates that can be used by the cell's
own biosynthetic machinery. To date, several bioorthogonal
reporters have demonstrated their usefulness for selective
labelling of biomolecules, including aldehydes/ketones, azides,
alkenes and alkynes, nitrones, thiols, tetrazoles, etc.'>%>%>%
Most of the examples discussed in this review rely on the use of
azides, (strained) alkenes and alkynes; the common pathways to
incorporate these motifs into biomolecules are briefly discussed
below.

2.2.1 Azides.
bearing azide groups can be incorporated into proteins either in
a site-specific or a residue-specific fashion using the cell's
translational machinery (this process is known as bio-
orthogonal noncanonical amino acid tagging - BONCAT - and
can be applied for the generation of other bioorthogonal
reporters, vide infra).®®***® The installation of azide groups on
glycans and glycoconjugates is typically achieved via metabolic
glycoengineering, exploiting the fact that the sialic acid
biosynthetic pathway is permissive of unnatural N-acyl mono-
saccharides. Following this approach, N-azidoacetylsialic acid
(SiaNAz) and N-azidoacetylmannosamine (ManNAz) can be
incorporated into cell's glycocalyx as N-azidoacetyl sialic
acid,*®”% N-azidoacetylglucosamine (GlcNAz) can be installed
on cytosolic and nuclear proteins,® while N-azidoacetylga-
lactosamine (GalNAz) can be used for labelling mucin-type O-
linked glycoproteins.®® Metabolic glycoengineering is by far
the most exploited strategy to decorate cells with bioorthogonal
azide reporters, while a less conventional method includes the
use of azide-modified antibodies.****

2.2.2 Alkynes. Typically, linear alkyne groups are generated
using the BONCAT strategy described above, using alkyne-
modified aminoacids such as homopropargylglycine,”® while
the incorporation of strained alkynes can be accomplished by
metabolic glycoengineering with unnatural sugars bearing
cyclooctyne moieties.**

2.2.3 Alkenes. Strained alkenes, the most popular alkene
bioorthogonal reporters, are commonly introduced in vitro or in
vivo by using suitably modified antibodies that recognize
specific receptors.”*'* The number of reactive cycloalkene
groups linked to the antibody can be controlled by varying the
concentration of cycloalkene reagent used and depends on the
availability of reaction sites (typically, primary amines) of each
antibody.

Unnatural or noncanonical amino acids

3. Biomedical applications based on
nanoparticles and bioorthogonal
reactions

In this section, we will discuss relevant examples of in vitro and
in vivo biomedical applications of different types of NPs used in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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combination with bioorthogonal reactions. We will focus on
several areas of relevance for diagnostic and therapeutic
purposes, such as bioimaging (including the development of
more sensitive imaging tools, stem cell tracking and pretargeted
imaging), sensing (with emphasis on the bioorthogonal nano-
amplification approach) and targeted therapeutic and/or ther-
agnostic applications. The common thread throughout this
section is the demonstration of how by leveraging the unique
properties and characteristics of nanoparticles and bio-
orthogonal reactions, it is possible to advance these areas of
research, leading to new or improved solutions to pressing
issues such as sensitivity (in the case of imaging and sensing),
tumour accumulation of nanoplatforms, maximised thera-
peutic efficiency, etc. At the beginning of each sub-section, we
will provide a brief introduction to familiarise the reader with
the particular field of application, its interest and specific
challenges that need to be addressed.

3.1 Expanding the horizons of bioimaging applications

“Seeing is believing”. This ancient proverb has become long
time ago one of the paradigms of biomedicine. Visualising and
monitoring biological processes at cellular and molecular scale
can provide new insights into living systems and play a key role
in the diagnosis and treatment of many diseases (e.g. cancer
patient prognosis). Conventional approaches such as the use of
organic fluorescent dyes or genetically encoded proteins have
been used to track biomolecules in their natural milieu and to
monitor cellular processes.’*®*** However, these probes can
suffer from a lack of long-term photostability, intrinsic back-
ground signals generated because of the limited dye specificity
or phototoxicity.”>*** In addition, some of the fluorescent
proteins are pH-sensitive and tend to oligomerise inducing non-
fluorescent states.™ On the other hand, although many
imaging methods - computed tomography (CT), positron
emission tomography (PET), magnetic resonance imaging
(MRI), optical imaging, X-ray or ultrasound (US) - have been
established in the medical field over the past few decades,"**'**
each of these modalities have their own drawbacks in terms of
resolution, sensitivity, specificity or penetration depth. These
issues can be alleviated by the use of nanotechnology, as the
unique properties of certain nanoparticles make them ideal
candidates for bioimaging applications.”**** These include
high and long-term photostability, low toxicity or the possibility
to combine diverse imaging techniques into a single, multi-
modal nanoplatform.***¢

In this section, we will present some selected examples of in
vitro and in vivo bioimaging in which the use of nanoparticles
yields superior performance in terms of sensitivity and speci-
ficity when compared to conventional imaging probes.

Fluorescence imaging is one of the most powerful tech-
niques for the analysis of dynamic information related with the
concentration or localization of target (bio)molecules and
requires the use of bright and photostable probes, especially for
long-term studies. Inorganic semiconductor nanocrystals
(quantum dots, QDots), having singular optical properties
(tuneable and narrow emission spectra, good stability and long
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photoluminescence lifetime), are ideal candidates for imaging
applications. In one of the first examples of interfacing SPAAC
with nanotechnology, Bernardin et al. reported the use of CdSe/
ZnS QDots functionalised with a cyclooctynyl-glycolic acid
derivative for imaging the metabolic incorporation of tetraace-
tylated N-azidoacetylmannosamine (Ac,ManNAz) on the
membranes of live Chinese hamster ovary (CHO) cells.”® The
strained alkyne was conjugated to the surface of amino-QDots
via amide coupling and the reactivity of the resulting
cyclooctynyl-QDots towards the bioorthogonal azide partner
was tested both under CuAAC and SPAAC conditions. It has
been shown that the use of Cu(i) can induce irreversible pho-
toluminescence quenching via energy/electron transfer or
alteration of the core structure of the QDots;'*” therefore, the
fluorescence quantum yield of the conjugates obtained under
Cu(1) catalysis was found to be about three times lower than the
one of the corresponding SPAAC conjugates. In terms of bio-
orthogonal imaging capabilities, the QDots were used at
nanomolar concentrations (organic dye probes typically require
concentrations above 50 uM). The improved sensitivity over
classical organic fluorophores was attributed to the multivalent
presentation of the cyclooctyne groups on the QDot surface.
Despite the potential of QDots for bioimaging applications,
they pose toxicity concerns related to the presence of heavy
metal ions;*** this led to the development of more biocompat-
ible alternatives, such as polymer dots and carbon quantum
dots. Semiconducting polymer dots (PDots) are non-toxic and
exhibit superior properties when compared to QDots in term of
brightness and photostability;** moreover, unlike QDots, they
are compatible with the CuAAC reaction. However, achieving
control over their surface (bio)functionalisation is not trivial
and poses a considerable challenge for the use of PDots for
biological applications. Chiu and co-workers addressed this
difficult task by co-condensing a highly fluorescent semi-
conducting polymer (poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-
benzo-{2,1',3}-thiadiazole)] - PFBT) with an amphiphilic copol-
ymer (poly(styrene-co-maleic anhydride) - PSMA).”® The result-
ing PDots bearing carboxyl groups on their surface were further
functionalised with propargylamine and used for the fluores-
cent labelling of newly synthesised proteins and O-linked
glycoproteins in MCF-7 human breast cancer cells. The azide
reporters were introduced into the target biomolecules
following the bioorthogonal noncanonical amino acid tagging
(BONCAT) strategy for proteins and the metabolic glycoengin-
eering approach using GalNAz for glycoproteins, respectively.
This work demonstrates the potential of PDots to function as
ultrabright fluorescent nanoprobes for bioimaging applications
with excellent sensitivity (nanomolar concentrations) and
specificity (no background signal in the controls lacking the
azide reporter). Carbon quantum dots (CQDots), discovered
accidentally in 2004, have emerged as another non-toxic alter-
native to traditional QDots. Although the exact mechanism
behind their photoluminescence is still not fully understood, it
is thought that the different electronic states of carbon in the
core-shell nanostructure of the CQDots (sp in the core and sp?
in the shell) are responsible for the absorption and emission
features.™ It is also assumed that the surface functionalisation
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Fig. 3 Top: Photophysical properties of original (carboxyl)- and
alkynyl CQDots: (a) absorption spectra, (b) photoluminescence
spectra, (c) FTIR spectra, (d) TEM analysis of the alkynylated CQDots.
Bottom: Confocal microscope images of HEp-2 cells incubated with
alkynylated CQDots and NLS-CQDots, respectively, under DAPI
channel (Hoechst 33258) and CY3 channel (CQDots). Scale bar: 10 um.
Reprinted from Chem.—Eur. J., 23, M. X. Gao et al., "Click” on alkyny-
lated carbon quantum dots: an efficient surface functionalization for
specific biosensing and bioimaging”, 2171-2178, Copyright (2017), with
permission from John Wiley & Sons Ltd.

of these nanomaterials plays a key role in tuning their photo-
luminescent properties, as their excitation/emission spectra
shift as a consequence of electronic structure changes induced
by surface modification.”® Huang and co-workers reported for
the first time the functionalisation of CQDots using CuAAC
click chemistry for bioimaging applications (Fig. 3a-d),**>
following a strategy based on alkynylated CQDots (prepared
from carboxyl-rich CQDots through amidation with propargyl-
amine in the presence of 1,1’-carbonyldiimidazole), which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bioorthogonal labelling of integrin @5 membrane proteins using azide-modified antibodies and alkyne-HPGFNDs: (a) flow cytometry
analysis of fluorescence signals from HFW cells preincubated with Azido-5aAb (red) and control cells (blue). (b) HFW cells labelled with Alexa
Fluor 488-conjugated wheat germ agglutinin (i—iii) and 100 nm alkyne-HPGFNDs (iv—vi). White arrows indicate the cell migration route and blue
arrows show the migration of integrin o5 on cells filopodia. Scale bars: 20 um. Adapted with permission from ACS Appl. Mater. Interfaces, 11,
Hsieh et al., "Bioorthogonal Fluorescent Nanodiamonds for Continuous Long-Term Imaging and Tracking of Membrane Proteins”, 19774-19781.

Copyright (2019) American Chemical Society.

underwent a CuAAC reaction with an azido-nuclear localisation
sequence (NLS) peptide. In vitro fluorescence microscopy
studies in human epidermis larynx carcinoma (HEp-2) cells
demonstrated that the NLS-modified CQDots could act as effi-
cient and specific nucleus imaging probes without any associ-
ated cytotoxicity.

As it has been mentioned previously, one of the main limi-
tations of conventional techniques based on fluorescent dyes or
genetically encoded proteins for bioimaging is their short-term
photostability.****** In this regard, Hsieh et al. described the use
of alkyne-functionalised fluorescent nanodiamonds (FNDs) for
the study of membrane protein dynamics in living cells over 10
hours.”” Nanodiamonds are carbon nanoparticles with a dia-
mond core (with sp® electronic configuration) coated by
graphitic or amorphous carbon layers (with sp2 electronic
configuration). This singular atomic structure provides them
with unique optical, mechanical and magnetic properties."*
Particularly, negatively charged nitrogen-vacancy centres
provide them with bright red/near-infrared fluorescence and
great photostability. The authors developed a one-pot method
for the synthesis of biocompatible alkyne-functionalised
hyperbranched-polyglycerol-coated FNDs (alkyne-HPGFNDs)
with good colloidal stability in biological media. The nano-
diamonds were attached via CuAAC to the surface of HFW cells
(human fibroblasts) labelled with azide-modified antibodies
against integrin a5 (Fig. 4a). Time lapse fluorescence images
confirmed the high temporal and spatial imaging resolution of
the target protein with a predefined reorganisation in cell
migration route, with a time frame above the detection limits
available for organic fluorophores (Fig. 4b).

The combination of nanoparticles and bioorthogonal reac-
tions can be applied to other imaging modalities, besides
fluorescence imaging. For instance, gold nanoparticles (AuNPs)
exhibit a characteristic surface-enhanced Raman spectroscopy
(SERS) signal that can be amplified by coupling Raman-active
molecules.” SERS has emerged in recent years as a new

© 2021 The Author(s). Published by the Royal Society of Chemistry

imaging tool, with potential for multiplex analysis in vivo either
alone or in combination with other imaging techniques.**® Liu
et al. pioneered the use of SPAAC for the development of a folate
receptor (FR) - targeted SERS nanoprobe.”* The nanoprobe
consisted of hollow gold nanoparticles (HAuNPs) coated with
a Raman-active azide derivative (5,5'-dithiobis(2-nitrobenzoic
acid)-N; (DNBA-N;)) and then functionalised with folate-BCN
via the copper-free click reaction (Fig. 5a). This particular
nanosystem was reported to have high stability in cell culture
medium, provided by the PEG chain present in the DNBA-N3
derivative, and a stable Raman shift at 1332 cm™ ' (because of
the nitro group stretch) for up to three months in aqueous
conditions. The system was tested in three different cell lines
(human nasopharyngeal epidermoid carcinoma - KB, cervical
carcinoma - HeLa, and lung adenocarcinoma - A549) with
different levels of expression of folic acid receptor. Dark field
images and confocal Raman microscopy revealed a clear tar-
geting and imaging of FR-positive cancer cells with high spatial
resolution using a very low concentration of nanoprobe (50 pM)
and without unspecific interactions. In particular, KB cells
showed a much higher Raman signal in comparison with HeLa
and A549, in accordance with the decrease of the FR expression
levels, respectively (Fig. 5b and c). In addition, controls with
unclicked HAuNPs and folic acid-free (FA-free) competition
experiments revealed the high specificity of the imaging
approach (Fig. 5b).

Iron oxide nanoparticles (IONPs) offer interesting properties
for bioimaging due to their transversal T,-relaxation signal in
magnetic resonance imaging.’*® In an elegant approach, Gallo
et al. reported the self-assembly of IONPs via SPAAC in the
tumour environment, with the aim of improving the sensitivity
of the MRI probe.'”” Two sets of IONPs, functionalised with
azides (azido-polyethylene glycol) and strained alkynes (cyclo-
octynyl-glycolic acid derivatives), respectively, were used as
SPAAC partners. To improve their tumour targeting capabilities,
both sets of IONPs were also decorated with targeting peptides

Nanoscale Adv, 2021, 3, 1261-1292 | 1269
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Fig. 5 (a) Workflow of the synthesis of folic acid functionalised SERS nanoprobes via SPAAC. (b) Raman intensities of 1332 cm™~* from KB, Hela,
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Interfaces, 9, R. Liu et al., “"Click-functionalised SERS nanoprobes with improved labeling efficiency and capability for cancer cell imaging”,

38222-38229. Copyright (2017) American Chemical Society.

for C-X-C chemokine receptor type 4 (CXCR4), which is over-
expressed in metastatic tumours. Finally, the design of the
nanoplatforms also included a peptide sequence cleavable by
tumour metalloproteinases 2 and 9 (MMP2/9). In vitro studies in
U87 glioblastoma cells expressing CXCR4 and MMP9 demon-
strated that the cleavage of the MMP2/9 peptide sequence
triggered the SPACC reaction between the two sets of IONPs and
led to a T, signal enhancement of around 160% because of the
nanoparticle self-assembly. Furthermore, intravenous injection
in U87 tumour xenograft mice revealed a decrease of the T),
relaxation time around 14% 4 h post-injection, while in the case
of the control experiments performed with non-targetable
IONPs no significant change in the tumour contrast was
appreciated.

3.2. Stem cell imaging and tracking

The use of stem cells can provide new therapeutic approaches
for the fields of regenerative medicine or cancer treatment.*>”***
The development of efficient and non-invasive imaging tech-
nologies for in vivo tracking of stem cells is crucial for their
implementation in therapy. In this regard, a wide variety of
nanoparticles (quantum dots, gold, polymeric and iron oxide
magnetic nanoparticles) have been tested already for the

1270 | Nanoscale Adv,, 2021, 3, 1261-1292

labelling of stem cells with imaging agents."* However, this
approach is limited by the intrinsic low endocytic capability of
stem cells, the heterogeneity in receptor-mediated nanoparticle
uptake, the loss of signal intensity induced by cell proliferation
or the potential side effects that certain nanomaterials can have
on cell differentiation or viability.”**'*® The incorporation of
artificial receptors on stem cell membranes via metabolic gly-
coengineering and the subsequent bioorthogonal click reaction
with nanoparticles can enable a well-defined and homogeneous
labelling of stem cells before in vivo implantation.

In one of the earliest approaches, Lee et al. developed a novel
imaging system for in vivo tracking of transplanted stem cells
based on bioorthogonal SPAAC chemistry.>® For this purpose,
bicyclo[6.1.0]non-4-yne (BCN) moieties were covalently attached
via amide coupling onto the surface of glycol chitosan nano-
particles (CNPs) encapsulating different types of imaging agents
- Cy5.5 cyanine dyes for fluorescence, iron oxide nanoparticles
for MR and gold nanoparticles for CT imaging (Fig. 6a). The
BCN-modified CNPs were subsequently efficiently linked to the
surface of Ac,ManNAz-treated adipose tissue-derived human
mesenchymal stem cells (hMSCs) within only one hour of
incubation. As proof-of-concept of the potential of this new
labelling strategy, the resulting BCN-CNP-imaging agent-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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“In vivo stem cell tracking with imageable nanoparticles that bind

bioorthogonal chemical receptors on the stem cell surface”, 12-29, Copyright (2017), with permission from Elsevier.

modified stem cells were transplanted into the dorsal subcu-
taneous region of nude mice and their in vivo fate was investi-
gated by non-invasive imaging techniques. Labelled stem cells
could be visualized up to 15 days post-transplantation by near-
infrared fluorescence (NIRF) imaging, in contrast to cells lack-
ing the Ac;ManNAz pre-treatment, whose NIRF signal dis-
appeared in 5 days (Fig. 6b) because of the taken-up effect by
host normal cells and macrophages at the transplanted site in
vivo. The transplanted stem cells could be also followed by MRI
and micro CT imaging (Fig. 6c and d), demonstrating the
usefulness of bioorthogonal SPAAC chemistry compared to non-
specific nanoparticle uptake for stem cell tracking applications.

More recently, the same group reported a similar nano-
system based on BCN-conjugated glycol chitosan nanoparticles
for dual-modal stem cell imaging in mouse brain stroke (BCN-
dual-NPs)."* These nanoparticles were conjugated with the
NIRF probe mentioned in the previous example (Cy5.5), while
20 nm oleic acid-coated superparamagnetic iron oxide nano-
particles were encapsulated in their hydrophobic core for
optimal T,-MRI contrast. Prior to in vivo implantation of cells,
the bioorthogonal labelling conditions were optimised in vitro
with adipose-derived hMSCs (Fig. 7a). A low concentration of 10
UM AcsManNAz was selected as optimal for the expression of
azide membrane reporters without interfering with the cellular
metabolic activity and viability. In addition, 300 pg mL ™" of
BCN-CNPs rendered the highest SPAAC ligation in 2 h of incu-
bation with minimal unspecific interaction in cells without
Ac,;ManNAz treatment. Furthermore, cell proliferation and
differentiation studies confirmed that the bioorthogonal label-
ling of hMSCs with BCN-dual-NPs did not induce changes in
their phenotype, which is a key feature of an ideal stem cell

© 2021 The Author(s). Published by the Royal Society of Chemistry

labelling method. After inducing photothrombotic stroke (PTS)
in the brains of Balb/c nude mice, the migration of the bio-
orthogonally labelled hMSCs from the implantation site to the
stroke lesion was monitored in real time for 14 days, both by
NIRF and MRI. A gradual decrease of the respective NIRF and
MRI signals at the implantation area was observed, with the
concomitant increase in intensity at the stroke lesion, demon-
strating the potential of this dual probe for non-invasive and
real-time monitoring of stem cell fate with high spatiotemporal
resolution.

3.3 Pretargeted imaging

Tumour pretargeted imaging is one of the fields where the
combination of bioorthogonal chemistry and nanotechnology
could have a tremendous impact in the next years, offering
solutions to some of the problems currently associated with
clinical imaging modalities, such as short half-lives of imaging
probes or suboptimal accumulation in the tumours.** To date,
several types of nanoparticles and nanomaterials have been
explored for tumour pretargeted imaging purposes in combi-
nation with SPAAC or IEDDA click reactions, including meso-
porous silica  nanoparticles  (MSNs),’*****  polymeric
nanostars,”" supramolecular NPs,"* carbon nanotubes,"* or
polypeptide-based polymer brushes.** Kim and co-workers
introduced the MSN-based pretargeting using the SPAAC reac-
tion between DBCO-modified MSNs and a short-lived '*F-
labeled azide for positron emission tomography imaging.'®
DBCO-MSNs injected intravenously into mice bearing subcu-
taneous U87 (glioblastoma) tumours accumulated in the
tumour tissue due to the EPR effect and acted as pretargeting
system (Fig. 8a). The PET radiotracer, which alone has no
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in @ mouse PTS model. Comparison of bioorthogonally-labelled
hMSCs with BCN-dual-NPs-20 migration between stroke (+) and
stroke (—) mice models by NIRF imaging during 14 days. The red and
yellow asterisks indicate the stroke lesion and stem cell implantation
site, respectively. Adapted with permission from ACS Nano, 13, S. Lim
et al, "Dual-modal imaging-guided precise tracking of bio-
orthogonally labeled mesenchymal stem cells in mouse brain stroke”,
10991-11007. Copyright (2019) American Chemical Society.

tumour targeting capability, was administered both to mice pre-
treated with DBCO-MSNs and to control animals. PET imaging
revealed that pretargeting with MSNs significantly enhanced
the signal in the tumour up to two hours post-injection of the
radiotracer (Fig. 8c). On the contrary, in control animals the PET
tracer suffered a rapid renal clearance (Fig. 8b). The fast kinetics
of the SPAAC reaction plays a crucial role in this example, due to
the short half-life of the '*F isotope (<120 min) and highlights
the unique capabilities of bioorthogonal chemistry for real-
time, non-invasive bioimaging applications.

Hou et al. described a tumour pretargeting imaging system
based on the use of inverse electron-demand Diels-Alder reac-
tion."® Supramolecular nanoparticles (SNPs) were synthesized
via self-assembly of four different components (TCO-grafted
cyclodextrin-polyethylenimine polymer, TCO/CD-PEI; cyclo-
dextrin—polyethyleneimine polymer, CD-PEI; adamantane-
grafted polyamidoamine, Ad-PAMAM; Ad-grafted polyethylene
glycol, Ad-PEG) at well-defined concentrations to provide a fine
control of the pharmacokinetics of the system. In addition, this
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particular configuration with the encapsulated TCO-probe
renders certain advantages in terms of overcoming the TCO
hydrophobicity, increasing the local probe concentration or
reducing its degradation during tumoral delivery. The supra-
molecular system was administered intravenously (100 pg,
equivalent to 1 nmol of TCO) to mice bearing U87 glioblastoma
xenografts and accumulated in the tumour by EPR effect; its
disassembly was triggered by the lower pH environment of the
tumour and enabled the reaction of the released TCO/CD-PEI
with a tetrazine-radiolabelled probe (**Cu-Tz, 100 uL, equiva-
lent to 10 nmol of Tz, injected via tail vein 24 h after the
injection of the SNPs). Two controls without pretargeting were
also tested: a first one was based on the intravenous injection of
free ®*Cu-Tz, while in the second one the ®*Cu-Tz tracer was
reacted with TCO-SNPs prior to the injection. PET images and ex
vivo radioactivity biodistribution analysis revealed a preferential
accumulation of the radiolabelled probe (**Cu) in the tumour
for the pretargeted strategy, with 16% injected dose per gram of
tissue detected in the tumour and with residual values in the
case of the controls, which had their main signal located in the
liver. It is worth mentioning that the accumulation of the
radiotracer in the tumour was far superior in this work when
compared to the previously discussed study by Kim and co-
workers (16% vs. 1.3%); this could be attributed to the faster
reaction rate of the IEDDA and to the TCO protection by the
supramolecular nanoparticle system. Another approach based
on the IEDDA reaction was reported by Goos and co-workers,
who developed multivalent polymeric nanostars functional-
ised with TCO moieties either directly or by means of a short
(PEG;,) or a long (PEG;06) PEG linker."*' The nanostars accu-
mulated passively in tumours with EPR characteristics, and
were targeted with Tz-bearing fluorinated radiotracers. Inter-
estingly, the distance between the TCO groups and the nanostar
backbone was found to play a key role in the yield of the bio-
orthogonal reaction and dictated the tumour-to-tissue ratios,
with the TCO conjugated directly to the nanostar architecture
being the most reactive and the most efficient in terms of
tumour accumulation of the tetrazine radiotracer. This effect
was attributed to the steric hindrance that long PEG chains
could exert, resulting in a loss of reactivity of the TCO moieties,
and demonstrates the importance of a careful design of nano-
particles for in vivo bioorthogonal reactions. Finally, we wish to
highlight a very recent example of the use of IEDDA chemistry
for pretargeted tumour imaging, which makes use of carbon
nanotubes (CNTs) rather than nanoparticles and of bio-
orthogonal bond cleavage instead of bond formation.*** This
novel strategy enabled for the first time a very precise spatio-
temporal control of the activation of a fluorogenic NIR imaging
probe only inside the tumour as a result of the bioorthogonal
cleavage reaction. Mice bearing colon carcinoma-derived
tumours were treated in a first step with Tz-modified single-
walled carbon nanotubes (Tz-SWCNTs) and two hours later
with a TCO-caged hemicyanine dye (tHCA, non-fluorescent),
both via intravenous injection. The two-hours gap between
the administration of the bioorthgonal partners was sufficient
to enable the clearance of the Tz-SWCNTs from the blood and
their EPR effect-mediated accumulation in the tumours. Three

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hours after the tHCA injection, a clear fluorescence signal
started to appear in the tumour areas as a consequence of the
HCA uncaging due to the IEDDA reaction between the TCO and
the Tz-SWCNTs; a maximum tumour-to-background ratio was
reached after 24 hours. By contrast, in mice treated with tHCA
alone, only a faint fluorescence signal could be appreciated in
the abdominal area 1.5 hours post-injection, disappearing after
three hours. Interestingly, this two-steps strategy resulted better
in terms of tumour selectivity than direct delivery of a classical
Cy5.5 NIR fluorescent probe (administered as Tz-SWCNTs-
Cy5.5).

The pretargeting strategy can be also applied to other
disorders for which molecular imaging is crucial in the diag-
nosis, as in the case of atherosclerosis. Recently, Pellico et al.
developed a bimodal PET-MRI detection system based on the
use of nano-radiomaterials (NRMs) consisting of tetrazine-
functionalised iron oxide nanoparticles loaded with ®%Ga
isotopes (*®*Ga-NRM-Tz) (Fig. 9a)."*” Oxidised low density lipo-
protein (oxLDL), which plays a key role in the development of
atherosclerosis, was used as a target for trans-cyclooctene
labelled antibodies (Ab-TCO). In vivo experiments were carried
out using Apolipoprotein E-deficient mice (ApoE-/-), which are
well established animal models for atherosclerosis. The strategy
followed was based on the intravenous injection of ®*Ga-NRM-
Tz (1.7 nmol Tz, 1.4 mg Fe/mL) 24 h after the injection of Ab-
TCO (55 pmol, Fig. 9b). Biodistribution and clearance assays
of pretargeted NRMs were tested with a large accumulation in
aorta and effective circulation clearance in 90 min without liver

© 2021 The Author(s). Published by the Royal Society of Chemistry

function damage. Subsequently, the pretargeted approach was
examined in four groups of mice: (i) ApoE-/- on high fat diet, (ii)
ApoOE-/- on normal diet, (iii) Control mice C57BL/6 and (iv)
ApOE-/- on high fat diet but with NRMs without tetrazine. In
addition, an extra group of mice previously injected with TCO-
free antibody in order to block the NRM recognition sites was
tested. In vivo PET images were recorded and aortas were ana-
lysed by ex vivo T;-MRI. PET imaging of the aortic arch revealed
a clear signal in the case of the mice belonging to group (i),
while for the animals from the rest of groups the signal was
negligible. Moreover, a radioactive analysis revealed an
outstanding accumulation of the NRMs in the same group of
mice with a 14.7 2.7% of injected dose per gram of tissue.
Finally, magnetic resonance (MR) images comparing the aortas
of mice ApoE-/- on high fat diet with ®*Ga-NRM-Tz and **Ga-
NRM revealed a clear detection profile and probing the speci-
ficity of the bioorthogonal reaction and viability of the approach
with short half-life radioisotopes and very low concentrations of
Ab and NRM. Just as this manuscript was being finalised,
Herranz and collaborators reported a new imaging application
of a very similar system, named “thrombo-tag”."”® Here, a fast
pretargeted imaging approach was applied, by mixing the two
components of the bioorthogonal system (**Ga-NRM-Tz and
TCO-anti-CD41 antibody, targeting integrin alpha chain IIb on
membrane of platelets) and co-injecting them in order to
promote the accumulation of the probes and the IEDDA reac-
tion to take place simultaneously. This is of outmost

Nanoscale Adv., 2021, 3, 1261-1292 | 1273
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importance for the in vivo detection of acute thrombotic events
as the ones occurring in stroke.

3.4 Bioorthogonal nanoparticle amplification for improved
detection and diagnostics

Despite significant advances in the development of
nanoparticle-based sensing technologies, in certain instances
the detection of biomolecules still remains challenging, espe-
cially when dealing with low analyte concentrations, rare targets
or complex samples.'®***® In this regard, the synergy between
bioorthogonal chemistry and nanoparticles can have a tremen-
dous potential for highly sensitive and specific detection, as we
will discuss in this section. The bioorthogonal nanoparticle
detection (BOND) strategy was pioneered by the group of R.
Weissleder and is based on the exceptionally fast IEDDA reac-
tion between antibodies and magneto-fluorescent nano-
particles (MFNPs), each of them suitably modified with the
corresponding bioorthogonal partners (typically, trans-cyclo-
octene and tetrazine, respectively).” The one-step BOND
strategy (BOND-1) consists in the conjugation of the antibody
and the nanoparticle prior to cell incubation, while in the two-
step BOND (BOND-2), cells are pretargeted with the TCO-
modified antibody, which acts as a scaffold for multiple cova-
lent attachments of Tz nanoparticles (in situ bioorthogonal
amplification, Fig. 10).

These two versions of the BOND strategy were initially
assessed by Haun et al. for targeting extracellular receptors
on different cancer cell types, using both fluorescence and

1274 | Nanoscale Adv, 2021, 3, 1261-1292

magnetic resonance techniques.”® Three different mono-
clonal antibodies (modified with TCO, range of 1-30 TCO
moieties/Ab) were separately used to target HER2, EpCAM
and EFGR. When labelled with BOND-2, cells showed a fluo-
rescence signal one order of magnitude higher than for
labelling with BOND-1, as measured by flow cytometry. For
the particular case of HER2 targeting, compared with other
targeting strategies, BOND-2 presented a relative labelling
efficacy 3 times higher than avidin-biotin, and 15 times
higher than direct conjugation with chemical modifications
such as thiol/maleimide reaction. The BOND-2 strategy was
also successfully applied for the detection of the bacterial
pathogen Staphylococcus aureus, using a specific combina-
tion of TCO-Ab and Tz-modified magnetic nanoprobes, which
enabled detection by diagnostic magnetic resonance
(DMR)."® To further push the capability of bioorthogonal
amplification and the detection sensitivity limits, Peterson
et al. enhanced the labelling process by adding a second
amplification step making use of two sets of MFNPs, each of
them functionalised with Tz or TCO (vide infra).”” The
process, illustrated in Fig. 11a, comprises the following
steps: initial cell incubation with TCO-Ab; labelling with Tz-
MFNPs; amplification with TCO-MFNPs (AMP1); further
amplification with Tz-MFNPs (AMP2). The click moieties
were bound to the MFNPs though a disulphide bond, which
allowed their cleavage after binding to their targets (noted as
AMP1-C and AMP2-C) in order to perform DMR, which was
found to be a much more sensitive analytical method than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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flow cytometry. SK-BR-3 human breast cancer cells were
incubated with TCO-antiHER2 and then labelled with VT680-
MFNP-Tz (green), FITC-MFNP-TCO (blue) and RITC-MFNP-Tz
(red), confirming the success of each step, and also the
proper fluorescence loss when the MFNPs were cleaved using
1,4-dithiothreitol (DTT) (Fig. 11b). When analysing the
nuclear magnetic resonance (NMR) signals corresponding to
the different strategies, AMP2-C showed the highest overall
signal; however, AMP1-C provided the largest signal increase
for consecutive steps, so it was the strategy of choice for the
analysis of clinical samples, in which four pancreatic cancer
biomarkers were targeted (EGFR, EpCAM, HER2 and MUC1).
When using AMP1, the signal was negligible for all four
biomarkers; by contrast, when cleaving the MFNPs (AMP1-C),
the signals corresponding to EpCAM and especially to MUC1
were significantly enhanced (Fig. 11d).

Weissleder's group also pioneered the use of the BOND-2
strategy for the development of clinically relevant point-of-
care detection tools. Using a portable micro-NMR (uNMR)
device operated by a smartphone, the team established an
accurate and highly sensitive diagnostic method for malig-
nant tumours, based on the analysis of a relatively low number
of cells (which translates into very low concentrations of the
biomarkers of interest) from single fine-needle aspirate

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

biopsies."”” Focussing on four signature biomarkers (EGFR,
EpCAM, HER2 and MUC1), the bioorthogonal nanoparticle
amplification/uNMR detection approach identified malignant
abdominal lesions in 44 out of 50 patients (diagnosis which
was further validated by standard techniques such as biopsy
and imaging). This method surpassed immunochemistry,
which is the gold standard in cancer diagnostics, both in
terms of accuracy (96% versus 84% for immunochemistry) and
speed (1 hour versus three days). Moreover, the results were
validated in a second cohort of 20 patients, reaching 100%
accuracy. The bioorthogonal amplification strategy was also
employed for the detection of rare circulant tumour cells
(CTCs) in whole blood samples from 20 ovarian cancer
patients.”® The CTCs were labelled with magnetic nano-
particles (MNPs) following the two-step BOND TCO/Tz
strategy, and the magnetic signatures of the cells were then
analysed using a microfluidic chip with a built-in array of
eight micro-Hall magnetic detectors (uWHD). By using MNPs
with different sizes and magnetic responses, the approach was
capable of multiplexed analysis of three different biomarkers.
This strategy was strikingly superior to the conventional
CellSearch approach§ for CTC detection: while CellSearch
could only detect CTCs in 20% of the 20 patients, with 25%
accuracy, the pHD technology identified CTCs in 100% of the
samples, with 96% accuracy. Finally, BOND-2 enabled the
profiling of microvesicles secreted by glioblastoma cells for
real-time monitoring of the patient response to the treat-
ment.”” In this work, relevant protein biomarkers (CD63,
EGFR and EGFRVIII) present on the surface of the micro-
vesicles (mostly exosomes, Fig. 12a and b) were targeted first
with TCO-antibodies, followed by Tz-MNPs (Fig. 12¢ and d);
the labelled microvesicles were captured in a microfluidic
chip and detected using uNMR, which turned out to be more
sensitive than other detection techniques (Fig. 12e and f). The
authors also showed that circulating microvesicles can be
used to predict the therapeutic efficacy in glioblastoma
patients, by analysing blood samples collected before and
after standard therapy with radiation and temozolomide
(TMZ). The calculated tumour progression index (TPI,
Fig. 12g) allowed to successfully distinguish between
responding and non-responding patients, while the efficacy
index (nmv, Fig. 12h) also revealed significant differences
between the two patient groups.

3.5 Overcoming tumour heterogeneity and amplifying the
tumour targeting ability of nanoplatforms in targeted cancer
therapeutics

Nanoplatforms able to target a specific cell type, tissue or organ
have a great potential in drug delivery. These systems are of
huge interest, as they allow to tune the pharmacodynamics,
kinetics, and biodistribution of the active principle. This not
only can improve the performance of the drugs, but also retrieve
molecules that were once discarded in the development process

§ CellSearch is the gold standard for CTC detection in the blood of patients with
different types of metastatic cancers (https://www.cellsearchctc.com).
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due to solubility, toxicity or stability issues, among others.'*”"*7>

Classical nanomedicine tumour targeting approaches make use
of nanoparticles modified with biological ligands (peptides,
carbohydrates, antibodies, aptamers, etc.) that recognise
receptors present on the surface of cancer cells. However, this
strategy has important limitations, namely the limited avail-
ability of such receptors, the sometimes scarce difference in
receptor expression between normal and tumoral cells and the
heterogeneity of tumour tissues and cells in terms of types and
density of receptors.”'”® Therefore, methods able to introduce
large amounts of surrogate receptors on the surface of cancer
cells in a controlled, cell type-independent fashion are highly
desirable. Metabolic glycoengineering offers unique opportu-
nities in terms of generation of azide groups as artificial
receptors on cell surface glycans and glycoproteins, although
strategies are available also for the introduction of other types of
“receptor-like” moieties, such as alkynes, tetrazines, oxyamines,
etc. In this section of the review we discuss targeting applica-
tions based on the use of bioorthogonal chemistry and nano-
particles, highlighting the advantages of this unique
combination over classical targeting approaches.

1276 | Nanoscale Adv.,, 2021, 3, 1261-1292

In 2012 Kim and co-workers described the first successful
application of the metabolic glycoengineering approach to
induce a controllable, dose-dependent expression of unnatural
targets (sialic acids) on the surface of tumoral cells using Ac,-
ManNAz as azide metabolic precursor.'® The artificial azide
receptors were targeted via SPAAC chemistry with PEGylated
liposomes modified with a strained alkyne (DBCO-lipo); PEGy-
lated liposomes lacking the DBCO moiety (PEG-lipo) and DBCO
conjugated to a Cy5 fluorescent dye (DBCO-Cy5) were used as
controls.q Increasing fluorescence intensity, proportional to the
concentration of Ac,ManNAz was observed for DBCO-lipo
labelling, while PEG-lipo revealed minimal unspecific binding
to the cell surface (Fig. 13a). Moreover, as it can be seen in
Fig. 13b, at the same concentration of Cy5 probe, DBCO-lipo
showed much higher NIRF intensity when compared to
DBCO-Cy5 alone, thus indicating superior targeting ability,
which was attributed to the multivalent effect of the nano-
particles. Importantly, DBCO-lipo exhibited similar targeting

€ All liposomal formulations included the Cy5 dye for near-infrared fluorescence
experiments in vitro and in vivo.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 pNMR analysis of glioblastoma-derived microvesicles and treatment response monitoring. (a) Scanning electron microscopy (SEM)
image of a primary human glioblastoma cell, releasing abundant microvesicles. (b) High-magnification SEM image revealing saucer-shape
exosomes on the surface of the cells. (c) Transmission electron microscopy (TEM) images of MNP-targeted exosomes. (d) BOND-2 strategy for
the amplified binding of MNPs to protein biomarkers on the surface of microvesicles. (e) Design of the microfluidic system used for on-chip
detection of circulating microvesicles. (f) Comparison of microvesicle detection sensitivity of different techniques, showing superior perfor-
mance of uNMR when compared to western blotting (WB), flow cytometry (FC), enzyme-linked immunosorbent assay (ELISA) and nanoparticle
tracking analysis (NTA). (g and h) Clinical trial results. Plots showing TPI values (g) and their corresponding nuy values (h) from the same patients
before and after combined TMZ and radiation treatment. Reprinted by permission from Springer Nature, Nature Medicine, “Protein typing of
circulating microvesicles allows real-time monitoring of glioblastoma therapy”, H. Shao, J. Chung, L. Balaj, A. Charest, D. D. Bigner, B. S. Carter, F.

H. Hochberg, X. O. Breakefield, R. Weissleder and H. Lee, Copyright (2012).

efficiency in various types of metabolically engineered cancer
cells (human lung carcinoma A549, human glioblastoma
U87MG, human nasopharyngeal carcinoma KB and human
breast cancer MCF7), irrespective of their heterogeneity. This
dose-dependent generation of artificial azide reporters was
confirmed in vivo in mice bearing A549 xenograft tumours and
treated with increasing concentrations of Ac,ManNAz admin-
istered by intra-tumoural injection in the left tumour (saline
was used as control in the right flank tumours), followed by
intravenous injection of DBCO-lipo, PEG-lipo and DBCO-Cy5.
PEG-lipo displayed comparable NIRF intensities in both
tumours (treated or not with Ac;ManNAz), while DBCO-lipo
showed much higher accumulation in the tumours treated
with Ac;ManNAz than in the saline-treated control tumours;
moreover, the binding of DBCO-lipo to the pre-treated tumours
was Ac,;ManNAz concentration-dependent (Fig. 13c). In line
with the in vitro observations, DBCO-Cy5 gave only a faint NIRF
signal and showed much lower accumulation in the tumours
than DBCO-lipo, probably due to the shorter circulation time of
the probe and to the lack of the multivalent effect of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

liposomes; this result suggests that the bioorthogonal
chemistry-based targeting approach is more advantageous in
the case of nanoparticles than in the case of small molecules.
Further work by Kim's group demonstrated that this artifi-
cial azide-reporter targeting strategy can significantly improve
the tumour targeting efficiency of nanomaterials when
compared to classical biological ligand methods and overcome
problems related to tumour heterogeneity; the concept is
illustrated in Fig. 14a. Lee et al."* developed a dendrimer-based
nanosized metabolic precursor (nano-MP) with Acz;ManNAz
attached to the dendrimer through an ester bond that can be
hydrolysed under the acidic conditions inside a tumour cell to
release the free AcsManNAz. This system surpassed the classical
tumour targeting approach based on natural biological
markers, showing promise for overcoming tumour heteroge-
neity. Incubation of different tumour cells overexpressing
various receptors (cyclic RGD peptide, folate and Cetuximab)
with nano-MPs yielded systematic cell membrane labelling after
bioorthogonal reaction with ADIBO-Cy5.5, while treatment with
the specific targeting molecule labelled with Cy5.5 only marked

Nanoscale Adv., 2021, 3, 1261-1292 | 1277
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orthogonal copper-free click chemistry in vivo for tumor-targeted
delivery of nanoparticles”, 11836-11840, Copyright (2012), with
permission from John Wiley & Sons Ltd.

the corresponding cell line (Fig. 14b). Yoon et al. compared the
targeting efficiency of glycol chitosan nanoparticles (CNPs)
functionalised with bicyclononyne (BCN-CNPs) or cyclic RGD
(cRGD-CNPs) moieties using two cell lines labelled with azides
via metabolic glycoengineering: U87 (showing a high level of
integrin o,B; expression) and MCF7 (low integrin o,fs3
expression)||.** In vitro, BCN-CNPs showed more intense and
uniform fluorescence signals in both types of cells, while the
cRGD-CNPs displayed strong fluorescence only in the case of
U87 cells (Fig. 14c). In vivo, azide reporters were installed by
intra-tumoural injection of Ac;ManNAz in U87 tumours, fol-
lowed by intravenous administration of BCN-CNPs and cRGD-
CNPs; the targeting efficiency of BCN-CNPs was superior to
the one of cRGD-CNPs, as demonstrated by NIRF imaging.

|| The short peptide epitope Arg-Gly-Asp (RGD) is the common recognition motif
of integrins o, f;.
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Further insights on the targeting efficiency of both CNPs in the
context of tumour cell heterogeneity were obtained by incu-
bating U87 cells isolated from the murine U87 tumours with
BCN-CNPs and ¢cRGD-CNPs. Flow cytometry analysis revealed
that the percentage of cells labelled with BCN-CNPs was much
higher than the one of cells decorated with cRGD-CNPs (92.9%
vs. 50.9%). During tumour progression, U87 cells formed
subpopulations with different phenotypes and levels of integrin
a,B; expression, which led to a less effective targeting with
cRGD-CNPs following the classical biological ligand approach;
nevertheless, the bioorthogonal chemistry strategy was still
highly effective and produced a uniform tumour cell labelling
with BCN-CNPs.

Direct intra-tumoral injection of the metabolic precursor is
a straightforward way of generating artificial reporters in vivo,
but it cannot be efficiently applied to less accessible tumours.
On the other hand, several studies revealed that upon intrave-
nous administration, metabolic precursors can generate the
desired reporters not only in the tumours, but also in other
tissues and organs, especially in kidneys, liver and spleen, due
to renal clearance and lack of tumour-targeting ability.'*%"*>17*
Therefore, strategies that can promote the tumour-specific
generation of bioorthogonal reporters and improve the in vivo
tumour targeting and penetration of NPs are much needed. One
such strategy consists in a two-step approach based on the use
of nanocontainers suitable for intravenous administration: in
the first step, due to their size, the nanocontainers are able to
deliver more efficiently the metabolic precursors to the tumour
site on the basis of the EPR effect;*>”*'**"> in the second step,
the NPs of choice are administered also by intravenous injec-
tion, accumulate in the tumours by EPR and bind via bio-
orthogonal reactions to the “receptor-like” groups generated in
the first step. Typically, the metabolic precursors were encap-
sulated or loaded inside glycol chitosan nanoparticles'®® or lipid
nanoparticles,”® and these systems were successfully used for
targeted drug delivery and therapy in combination with
a second functional NP. Lee et al'® used glycol chitosan
nanoparticles (CNPs) loaded with Ac,ManNAz and injected
intravenously to A549 tumour-bearing mice to generate
“receptor-like” azide groups on the tumour cells, which were
subsequently treated with BCN-modified CNPs bearing
a photosensitizer (chlorin e6, Ce6) for photodynamic therapy
(BCN/Ce6-CNPs). Whole body NIRF imaging and ex vivo fluo-
rescence analysis revealed a much higher tumour accumulation
of BCN/Ce6-CNPs in the case of the animals treated with the
CNP-azide precursors, while free Ac,ManNAz injection mainly
produced azide groups in the liver and kidneys, due to its lack of
passive tumour targeting capability through EPR. In vivo
photodynamic therapy using the Ac,ManNAz-CNP and BCN/
Ce6-CNP stepwise strategy indicated the destruction of the
tumour tissue after laser irradiation (tumours reached a volume
of 8.5 mm?® three weeks post-laser treatment); conversely, in
mice without Ac;ManNAz-CNP pre-treatment, tumour size
slowly increased in time (up to 185 mm?®), while mice treated
only with free Ce6 experienced a dramatic growth of the
tumours, comparable to the one of the control group (375
mm?®). Du et al’® developed a nanotheragnostic agent for
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synergistic photothermal therapy (PTT) and photoacoustic
therapy (PAT) based on nanomicelles self-assembled from
a lipophilic zinc(u)-phthalocyanine (ZnPc, an excellent near
infrared (NIR) photoabsorbing agent for PTT and PAT) and
a lipid poly(ethylene glycol) chain (LP). The metabolic azide
precursor was encapsulated inside LP nanomicelles (Acy-
ManNAz-LP) and delivered by intravenous injection into the tail
vein of mice with subcutaneous A549 tumours, while the ZnPc-
LP nanomicelles were further modified with DBCO (DBCO-
ZnPc-LP) for bioorthogonal click chemistry (Fig. 15). The
superior tumour targeting efficiency of the two-step strategy
when compared to only the EPR effect was demonstrated by
acquiring photothermal images of the tumours from three
different groups of mice, treated with saline (control group),
DBCO-ZnPc-LP alone and DBCO-ZnPc-LP after pre-treatment
with Ac;ManNAz-LP. Upon irradiation with 808 nm contin-
uous laser, the local temperatures in the tumours of the mice
subjected to the two-step strategy increased up to 45 °C in
4 min; in the same timeframe, the tumours of the group treated
with DBCO-ZnPc-LP alone only reached 38 °C. To verify the
synergistic effect of the photoacoustic imaging-guided dual PTT
and PAT, mice with A549 tumours of 100-150 mm?® were treated
with Ac,;ManNAz-LP/DBCO-ZnPc-LP and subjected to the
different modalities: PTT (5 min irradiation with 808 nm
continuous laser at a power density of 0.1 W cm ™ 2), PAT (1 min
irradiation with 808 nm pulsed laser at a power density of 0.2 W
ecm ?) and the combination of both (the control group was
treated only with saline and no therapy was applied). As it can
be inferred from Fig. 14, PTT or PAT alone led to a reduction of
the tumour volume only in the first days of the treatment; in
contrast, the synergistic treatment showed a continuous
shrinking of the tumours up to 18 days post-irradiation, without
noticeable side effects.

Another stepwise strategy to enhance the penetration of
drug-loaded nanoparticles into tumours consists in the pre-
targeting of the cells with an antibody labelled with a click
moiety, a process coined “click reaction-assisted immune cell
targeting” or CRAIT.” Immature myeloid cells (iMCs) are typi-
cally recruited at the early stage in various tumour types to
ensure protection against immune destruction and can also
infiltrate deep inside the avascular regions of the tumours. In
this approach, iMCs were used as a sort of Trojan horses,
instead of directly targeting the cancer cells. Anti-CD11b anti-
bodies (that will target CD11b" myeloid cells) were modified
with trans-cyclooctene (TCO) and a NIR dye and administered
via tail vein injection to mice bearing orthotopic 4T1 mammary
carcinomas. Subsequently, tetrazine-modified mesoporous
silica nanoparticles loaded with the chemotherapeutic drug
doxorubicin (DOX-MSN-Tz) were also delivered by intravenous
injection to react with the TCO-labelled CD11b" cells via IEDDA
reaction. The modified iMCs mediated the penetration of the
therapeutic NPs more deeply into the less accessible areas of the
tumours and behaved as local drug reservoirs. The in vivo
treatment with the CRAIT system (anti-CD11b-TCO + DOX-MSN-
Tz) was found to be more efficient than all the other therapeutic
options tested, inducing a 2-fold reduction of tumour growth
without toxic side effects. In contrast, neither free DOX nor
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DOX-MSN-Tz in the absence of the pretargeting agent anti-
CD11b-TCO showed significant therapeutic effect.

Artemov and co-workers designed a two-component, two-
steps strategy for the intracellular delivery of albumin (Alb)-
based drug nanocarriers using antibodies modified with
different click moieties (azide®* or trans-cyclooctene®®**®). These
systems demonstrated their versatility in vitro, being used for
enhanced intracellular delivery of paclitaxel (Px) in HER2-
positive BT-474 breast cancer cells (pretargeting with azide-
modified anti-HER2 monoclonal antibody trastuzumab (Ttz)
and SPAAC reaction with Alb-Px-DBCO conjugates® or TCO-
modified trastuzumab and IEDDA reaction with Alb-Px-Tz
conjugates®) and mertansine (DM1) in PSMA(+) PC3-PIP pros-
tate cancer cells (pretargeting with TCO-modified anti-PSMA
5D3 monoclonal antibody and IEDDA reaction with Alb-DM1-
Tz conjugates),'™ respectively. Due to its fast kinetics, the
IEDDA reaction was also evaluated in vivo in mice bearing
human HER2-positive breast tumours.®® The enhanced intra-
cellular uptake in vitro and in vivo was associated with the
formation of nanoclusters bound to the cell membrane,
promoted by multiple click reactions taking place between the
two components due to the overexpression of HER2 receptors
on the cancer cell surface (Fig. 16a and b); these nanoclusters
were rapidly internalised at 37 °C by clathrin-mediated endo-
cytosis (Fig. 16¢). In terms of therapeutic efficacy, as shown in
Fig. 16d, mice pre-treated with TCO-modified trastuzumab,
followed by intravenous injection of the tetrazine-albumin
nanocarrier (Alb-Px-Tz), showed a significant inhibition of
tumour growth in comparison with the non-treated and control
animals (treated only with trastuzumab and Alb-Px-Tz). This
enhanced therapeutic effect was attributed to the rapid inter-
nalisation of the nanoclusters, followed by the release of Px
from the albumin nanocarrier by acidic or enzymatic cleavage
inside the tumour. The main advantage of the two-component,
two-steps strategy presented in this example is its high speci-
ficity: the nanocluster formation is favoured by the presence of
a large number of HER2 receptors on the cell surface; therefore,
the approach is not likely to work in healthy cells or cells that do
not overexpress HER2 receptors.

A last two-step tumour pretargeting approach highlighted in
this section makes use of pH-dependent precursors of bio-
orthogonal reporters. Lu et al. used a pH (low) insertion peptide
(pHLIP, a soluble peptide that presents transmembrane activity
in a pH-dependent manner) to incorporate tetrazine groups
selectively into tumours due to the acidic tumour microenvi-
ronment."* These Tz groups were then targeted in vivo in mice
bearing subcutaneous HeLa tumours by TCO-modified HSA
nanoparticles loaded with indocyanine green (ICG) as NIR
absorber for PTT (TCO-HSA-ICG, THI); THI nanoparticles
accumulated in the tumour though the EPR effect and could
bind to the Tz groups via IEDDA reaction. The system showed
superior tumour accumulation in vivo when compared to active
tumour targeting using folic acid-modified HI (FHI), which
translated into an enhanced efficiency of the photothermal
treatment. Tumours from pHLIP-Tz/THI-treated mice were
completely ablated with no regrowth, and the animals pre-
sented a 100% survival rate after 50 days. This showed a great

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.15 (a) Schematic illustration of the photoacoustic imaging-guided synergistic PTT/PAT with the bioorthogonal metabolic glycoengineering-
activated tumour targeting nanoagent. (b) Photographs of mice belonging to different groups before and after therapy. (c) Measured tumour
growth (top) and body weight of mice (bottom) for 18 days after the different treatments. Reprinted with permission from ACS Nano, 11, L. Du
etal., "In vivo imaging-guided photothermal/photoacoustic synergistic therapy with bioorthogonal metabolic glycoengineering-activated tumor

targeting anoparticles’, 8930-8943. Copyright (2017) American Chemical Society.
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(a) lllustration of the concept of biorthogonal targeted two-component, two-step drug delivery in HER2-positive cancer cells. In vitro

confocal fluorescence images of HER2(+) BT-474 cells showing (b) cell surface labelling by trastuzumab-TCO and subsequent co-localization of
albumin-tetrazine nanocarriers (green — AlexaFluor 488; red — Rhodamine; scale bar: 100 pm.) and (c) rapid cellular internalization after
incubation at 37 °C (scale bar is 50 pm for the full field-of-view images in (i) and 20 pm for the zoomed-in high-resolution images in (ii). (d)
Therapeutic effect of the biorthogonal targeted two-component, two-step strategy: changes in relative tumour volume (RTV = V,/Vj) after two
doses of treatment over 28 days in mice bearing BT-474 tumours and changes in tumour appearance after biorthogonal targeted therapy versus
mock therapy. Adapted from S. Hapuarachchige, Y. Kato and D. Artemov, “Bioorthogonal two-component drug delivery in HER2(+) breast cancer
mouse models”, Scientific Reports, 2016, 6, 24298, Copyright 2016, Springer Nature (open access article licensed under a Creative Commons

Attribution 4.0 International License).

advanced compared to the other two strategies (THI alone,
without pHLIP-Tz pretargeting, and FHI) where the tumour
volume increased 2 and 1.5 times, respectively, and the survival
rate was 0% at day 45 for THI-treated mice and 12.5% at day 50
for FHI-treated ones.

3.6 Prodrug activation and in situ drug synthesis

Outside of the realm of “classical” drug delivery applications as
the ones discussed in the previous sections, nanomaterials and
bioorthgonal chemistry can be also used to activate prodrugs or
to promote in situ drug synthesis from inert components.
Although examples based on CuAAC, SPAAC and IEDDA are not
so abundant in the literature, in this section we wish to provide
a short overview of some promising recent advances (we would
also like to point the interested reader in the direction of
palladium-based bioorthogonal nanocatalysis that has been
more extensively explored for in situ drug synthesis and/or

1282 | Nanoscale Adv,, 2021, 3, 1261-1292

prodrug activation purposes,®*'’>*#* but does not fall within
the scope of this review). It is worth mentioning at this point
that in several of the examples discussed in this section, bio-
orthogonal bond cleavage and “click-to-release” strategies were
used rather than bioorthogonal bond formation. Although less
explored than the bioorthogonal ligation counterparts, bio-
orthogonal bond cleavage reactions hold great potential for
controlled, on-demand cargo release or activation of thera-
peutic drugs and imaging probes.'**%

Using biocompatible entrapped copper nanoparticle catalysts
(E-Cu-NPs), Clavadetscher et al. demonstrated the concept of in
situ CuAAC synthesis of the anticancer drug combretastatin A4
(CA4, a tubulin polymerization inhibitor) starting from the cor-
responding benign azide and alkyne precursors.”® The cytotoxic
effect of the drug was verified in HeLa and SKOV-3 cells incubated
with the precursors in the presence of E-Cu-NPs; while the
precursor showed no toxicity up to 10 mM concentration, the CA4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 a) and (b) lllustration of the concept of administration of
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Therapeutic response of BT-20 TNBC cells to the controlled activation
of prodrugs loaded on MNPs. Left: Schematic representation of the
[PAC1-TCO¢a5:—MNP-TCOgqon—DOX, MNP-DP{ construct, which
showed the highest therapeutic efficacy. Right: Cell viability following
administration of different constructs: MNP, MNP-D;, MNP-P;, MNP—
D¢P¢ and MNP-DPs alone failed to induce cellular death, indicating
inactivation of the drugs when immobilized on the MNP surface, while
tetrazine administration activates the prodrugs and induces cellular
death, with the greatest effect for MNP-D¢P; (Note: s and f stand for
slow and fast, respectively). Republished with permission of The Royal
Society of Chemistry, from "Single-trigger dual-responsive nano-
particles for controllable and sequential prodrug activation”, N. M.
Robertson, Y. Yang, I. Khan, V. E. LaMantia, M. Royzen and M. V. Yigit,
Nanoscale, 2017, 9, 10020-10030; permission conveyed through
Copyright Clearance Center, Inc.

triazole derivative led to a significant decrease in the cell viability,
which was attributed to the arrest in the cell cycle progression.
Interestingly, the nanoparticle catalyst was also functional in vivo
in zebrafish models, as shown by the synthesis of a fluorescent
triazole, indicating that the in situ drug synthesis could be
extended to in vivo therapeutic applications.

A very elegant approach to controllable and sequential pro-
drug activation was reported by Yigit and co-workers."** Two
synergistic chemotherapeutic drugs (doxorubicin and PAC-1)
were inactivated by immobilization onto magnetic nano-
particles (chosen for their biocompatibility and their potential
use as MRI contrast agents) via TCO and activated in vitro in
a sequential manner using tetrazine and taking advantage of
the subtle differences in the kinetics of the “click-to-release”
IEEDA reaction depending on the conformation of the cyclo-
octene (axial substitution of TCO results in much faster release
than equatorial substitution, see Fig. 17a and b). Interestingly,
the synergistic effect of the therapy in nonmetastatic BT-20
triple negative breast cancer cells (BT-20 TNBC) was more
accentuated when the prodrug activation was conducted
sequentially than for the simultaneous activation (Fig. 17c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Therefore, depending on the characteristics of different cancer
cells, it would be possible to design tailored combination
therapies in which pretreatment with a first drug could render
the cells more sensitive to the effect of a second drug.

Other recent examples also clearly highlight the potential of
the “click-to-release” approach for therapeutic applications in
combination with nanoparticles. Wu and co-workers described
a theragnostic system based on the uncaging of a vinyl ether-
camptothecin prodrug (encapsulated inside liposomal nano-
formulations to promote is accumulation in tumours by EPR
effect) by tetrazine-modified gold nanorods (acting both as heat
mediators for photothermal therapy and as contrast agents for
multispectral optoacoustic tomography, MSOT), with the
subsequent in vitro and in vivo activation of the drug."® Using
a less conventional bioorthogonal reaction (strain-promoted
iminosydnone-cycloalkyne cycloaddition, SPICC), Porte et al.
developed cleavable micelles that can suffer a precisely
controlled enzymatic disassembly only inside solid tumours.**”
Although the proof-of-concept was demonstrated in vitro and in
vivo only for the controlled release of a fluorophore, the system
is expected to be extended to other biologically relevant mole-
cules. In a similar approach, Zuo et al designed tumour
microenvironment-responsive micellar nanoparticles camou-
flaging pro-doxorubicin (TCO-Dox) and a tetrazine partner, [4-
(6-methyl-1,2,4,5-tetrazin-3-yl)phenylJmethanamine.**? The
nanovehicles, responding to specific features of the tumour
microenvironment, namely low pH and tumour matrix metal-
loproteinase 2 (MMP2), were administered systemically to 4T1
breast tumour-bearing mice and passively accumulated in
tumours by virtue of the EPR effect. Their simultaneous disso-
ciation inside the tumours resulted in the release of the cargos
and the subsequent prodrug activation through the IEDDA
reaction. Importantly, although the nanovehicles also accu-
mulated in the livers of the animals, the content of free doxo-
rubicin was much lower in this organ than in the tumours,
confirming the precise and controlled activation of the prodrug
in the tumours, with a considerable decrease of the adverse
effects typically associated with chemotherapy.

4. Conclusion and perspectives

In recent years, bioorthogonal chemistries in tandem with
nanoparticles have demonstrated tremendous potential for the
field of biomedical applications. As we have discussed at length
in this review, by making the most of the unique features and
capabilities of nanoparticles and the robustness and efficacy of
bioorthogonal reactions, it is possible to develop more sensitive
bioimaging and detection tools, as well as more efficient ther-
apeutic systems. Due to their multivalency, nanoparticles can
act as signal amplifiers, leading to more sensitive imaging
probes and can induce a more efficient receptor binding for
targeting applications. The introduction of artificial “receptor-
like” groups onto cell surfaces in a controlled, dose-dependent
fashion by metabolic engineering makes possible universal
targeting strategies that do not rely on the presence of biological
receptors. This not only can improve our current targeting
strategies that are mostly based on receptor-ligand recognition
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(or, in the case of cancer nanotherapy, on passive targeting
based on the EPR effect), but also help tackling tumour
heterogeneity, which is currently a major obstacle for many
oncological therapies.

Despite all these advances, we believe that further develop-
ments and improvements will continue to take place in
different areas. For example, the examples discussed here rely
on single bioorthogonal reactions. The use of sequential,
mutually orthogonal bioorthogonal chemistries and of dual-
bioorthogonally-reactive handles could open up new avenues
for multiplexed imaging and detection.'®*'®” Workentin's group
recently showed that it is possible to use up to four different
bioorthogonal reactions in an interchangeable manner for
attaching, replacing and releasing molecules from a nano-
particle system.'®® Nevertheless, this task is far from trivial, as
the approach requires a very careful design of reagents and
reactions that meet simultaneously the stringent criteria for
bioorthogonality and are compatible with colloidal nano-
particles. This bring us to another area in which we envisage
important advances on the short term, namely the development
of new (or more robust) bioorthogonal reagents for nanoparticle
functionalisation. Such new reagents should ideally have very
fast kinetics, high stability, and be hydrophilic enough so that
they do not pose a threat to the colloidal stability of the nano-
particles. Future breakthroughs regarding biomedical applica-
tions could also arise from the use of bioorthogonal chemistry
to uncage active biomolecules and drugs in vitro and in vivo with
high spatiotemporal control through the so-called “click to
release” strategy. Promising steps in this direction were already
taken, as described in Section 3.6, although bioorthogonal
uncaging reactions remain less explored than the correspond-
ing bond-formation ones.

Finally, future efforts should be devoted to translational
aspects of the different technologies developed. As highlighted
in Section 3.4, there are already some successful examples of
clinical applications of IEDDA bioorthogonal chemistry in
combination with magnetic nanoparticles, and we hope to see
more exciting developments in this direction in the coming
years, involving other types of nanoparticles and bioorthogonal
reactions.
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BT-20 BT-20 triple negative breast cancer cells
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CRAIT Click reaction-assisted immune cell targeting
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CTC Circulant tumour cell

CuAAC Copper-catalysed azide-alkyne [3+2] cycloaddition

CXCR4 C-X-C chemokine receptor type 4
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DBCO Dibenzocyclooctyne

DM1 Mertansine
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DNBA 5,5'-dithiobis(2-nitrobenzoic acid)

DTT 1,4-Dithiothreitol

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunosorbent assay

EpCAM Epithelial cell adhesion molecule, CD326

EPR Enhanced permeation and retention effect

FA Folic acid

FC Flow cytometry

FITC Fluorescein isothiocyanate

FND Fluorescent nanodiamond

FR Folate receptor

GalNAz N-Azidoacetylgalactosamine

GIcNAz N-Azidoacetylglucosamine

HAuNP Hollow gold nanoparticle

HCA Hemicyanine

HD Hall magnetic detector

HeLa Human cervical carcinoma cell line

HEp-2 Human epidermal larynx carcinoma cell line

HER2 Human epidermal growth factor receptor 2

HFW Human fibroblasts cell line

hMSC Human mesenchymal stem cell

HPGFND  Hyperbranched-polyglycerol-coated fluorescent
nanodiamond

ID Injected dose

IEDDA Inverse electron-demand Diels-Alder

iMC Immature myeloid cell

IONP Iron oxide nanoparticle

i In the literature, ADIBO and DBCO are both used to refer to the same structure
(see Fig. 2b).
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KB Human nasopharyngeal epidermoid carcinoma
cell line

LP Lipid poly(ethylene glycol) chain

ManNAz  N-Azidoacetylmannosamine

MCF7 Human breast adenocarcinoma cell line

MFNP Magneto-fluorescent nanoparticle

MMP2/9  Tumour matrix metalloproteinases 2 and 9

MNP Magnetic nanoparticle

MR Magnetic resonance

MRI Magnetic resonance imaging

MSOT Multispectral optoacoustic tomography

MSN Mesoporous silica nanoparticle

MUC1 Mucin 1, cell surface associated

Nano-MP Nanosized metabolic precursor

NB Norbornene

NIR Near infrared

NIRF Near infrared fluorescence
NLS Nuclear localization sequence
NMR Nuclear magnetic resonance

NP Nanoparticle

NRM Nano-radiomaterial

NTA Nanoparticle tracking analysis

PDots Polymer dots

oxLDL Oxidised low-density lipoprotein

PAMAM  Polyamidoamine

PAT Photoacoustic therapy

Pc Phthalocyanine

PC3-PIP Human prostate cancer cell line

PDot Polymer dot

PEG Polyethylene glycol

PEI Polyethylenimine

PET Positron emission tomography

PFBT Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-
{2,1,3}-thiadiazole)]

pHLIP pH (low) insertion peptide

PSMA Poly(styrene-co-maleic anhydride) and prostate
specific membrane antigen, see context

PTS Photothrombotic stroke

PTT Photothermal therapy

Px Paclitaxel

QDot Quantum dot

RITC Rhodamine B isothiocyanate

RGD Arginylglycylaspartic acid

RTV Relative tumour volume

SEM Scanning electron microscopy

SERS Surface-enhanced Raman spectroscopy

SiaNAz N-Azidoacetylsialic acid

SK-BR-3 Human breast cancer cell line

SKOV-3 Human ovarian cancer cell line

SNP Supramolecular nanoparticle

SPAAC Strain-promoted azide-alkyne [3+2] cycloaddition

SPICC Strain-promoted iminosydnone-cycloalkyne
cycloaddition

SWCNTs  Single-walled carbon nanotubes

TCO Trans-cyclooctene

TEM Transmission electron microscopy

TMZ Temozolomide

TPI Tumour progression index

Ttz Trastuzumab
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Tz Tetrazine

us7 Human glioblastoma cell line
Us Ultrasound

VT680 VivoTag-S 680 fluorochrome

WB Western blotting
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