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Bioorthogonal chemistry is a powerful tool to site-specifically activate drugs in living systems.

Bioorthogonal reactions between a pair of biologically reactive groups can rapidly and specifically take

place in a mild physiological milieu without perturbing inherent biochemical processes. Attributed to

their high selectivity and efficiency, bioorthogonal reactions can significantly decrease background

signals in bioimaging. Compared with metal-catalyzed bioorthogonal click reactions, metal-free click

reactions are more biocompatible without the metal catalyst-induced cytotoxicity. Although a great

number of bioorthogonal chemistry-based strategies have been reported for cancer theranostics, a

comprehensive review is scarce to highlight the advantages of these strategies. In this review, recent

progress in cancer theranostics guided by metal-free bioorthogonal click chemistry will be depicted in

detail. The elaborate design as well as the advantages of bioorthogonal chemistry in tumor theranostics

are summarized and future prospects in this emerging field are emphasized.
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1. Introduction

Cancer is a general term for many difficult miscellaneous
diseases which are characterized by rapid and uncontrolled
cellular division, threatening the lives of millions of people in
the world every year.1–5 In order to overcome the limitations of
traditional chemotherapeutic drugs including limited bioavail-
ability, poor solubility, severe side effects and short half-life,
nanomedicines have been proposed and regarded as ideal
formulations over the past decades.6–13 Nanomedicines can
selectively deliver therapeutic drugs and diagnostic probes to
the target sites via the enhanced permeability and retention
(EPR) effect (also named as passive targeting), active targeting
or stimuli-responsiveness strategies.14–19 However, several chal-
lenges hinder the clinical translation of nanomedicines. For
example, nanomedicines always accumulate at the perivascular
site of tumors owing to the EPR effect, leading to the inhomo-
geneous drug distribution in the tumor.20–25 Meanwhile, the
efficacy of EPR-based tumor accumulation of nanomedicines
may vary significantly among different patients owing to the
heterogeneousness of tumors.26–32 For active targeting strategy,
there may be marginal difference in the expression of target
receptors between tumor and normal cells, leading to low
efficacy and poor selectivity of a variety of nanomedicines.33–40

As for the stimuli-responsiveness strategy, there may be little
differences between normal and tumor tissues in regards to the
acidity or enzymatic activity. As a result, severe damage may be
found in normal tissues.41–46 Sometimes, a endogenous factor
(such as receptor expression, acidity or enzymatic activity)-
dependent tumor selectivity may impair the theranostic perfor-
mances of nanomedicines in a certain degree.

In addition to the intrinsic barriers of tumors, conventional
nanomedicines also suffer from inherent drawbacks including
low drug loading efficiency, premature drug leakage, poor
colloidal stability and potential cytotoxicity.47–53 To overcome
these drawbacks, prodrug-based nanosystems have emerged
as a new generation of nanomedicines with great potential.
Prodrug strategies endow nanomedicines with the high drug
loading efficiency, favorable pharmacokinetics, enhanced sta-
bility, and site-specific drug release.54–59 On-demand activation
of prodrugs by chemical reactions without essential biological
mediators can realize an accurate control over the target sites
(e.g., tumor in situ), thus minimizing the damage to healthy
tissues.60–65

Bioorthogonal chemistry is a sophisticated tool to spatially-
temporally activate prodrugs both in vitro and in vivo. Bioortho-
gonal reactions occur rapidly and specifically in a mild physio-
logical milieu without perturbance from inherent biochemical
processes.66–71 Because of the high selectivity, bioorthogonal
reactions greatly decrease background signals from cross reac-
tions in organisms.72–80 The first bioorthogonal reaction, also a
modified Staudinger ligation, occurred between a azide group
and a triarylphosphine group.66 However, Staudinger ligation is
hardly applied in biological events mainly because of the slow
kinetics (8.0 � 10�3 M�1 s�1).81–85 In 2001, Sharpless et al. put
forward the term of click chemistry and defined a serial of strict
standards for click reactions: (1) modular and wide in scope,
the starting materials and reagents are readily available;
(2) mild reaction conditions (insensitive to water and oxygen),
high yields and harmless byproducts that are eliminated by
distillation or crystallization; (3) stereospecific and stable pro-
ducts in physiological environment.86 Owing to the advantages
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of intrinsic selectivity and tunable electronics, copper-catalyzed
[3+2] azide–alkyne cycloaddition (CuAAC) was developed by
Meldal, Sharpless et al. in 2002 and has been applied in areas
of drug design and biomolecule labelling.87,88 Compared with
Staudinger ligation, CuAAC exhibits almost 1000-fold higher
reaction rate (10 M�1 s�1).89 However, copper(I) catalyst is
cytotoxic to mammalian and bacterial cells, which significantly
restricts the biological applications of CuAAC. To get rid of
metal catalysts and improve the reaction rate of cycloaddition,
Bertozzi et al. utilized the ring-strain to increase the reactivity of
azide–alkyne reactions.90–92 The second order reaction rates of
the strain-promoted azide–alkyne cycloaddition (SPAAC) were
greatly enhanced (e.g. 7.6 � 10�2 M�1 s�1 for difluorinated
cyclooctyne (DIFO) system), but its water solubility was unsa-
tisfactory. Meanwhile, the side reactions between cyclooctynes
and biological thiols (such as serum albumin and glutathione)
inevitably led to undesired background interferences. During
the same period, thiol–ene coupling (TEC), a century-old reac-
tion between thiols and alkenes, emerged as an effective click
reaction after optimization by Schlaad and coworkers. The
photo-/thermo-induced TEC reactions are supported by a radi-
cal mechanism and have been developed into efficient ligation
tools for glycopeptides and peptides copolymerization.93–97

However, this reaction is reversible and easily affected by
the cellular thiols, thus its applications in bioorthogonal field
are also limited.98 In 2008, Fox et al. explored inverse-electron
demand Diels–Alder (iEDDA) reaction by using a trans-cyclo-
octene (TCO) containing probe and a bipyridyltetrazine-
tethered probe.99 The reaction rate of this copper-free click
reaction was orders of magnitude higher than any other CuAAC
reactions.100 Nevertheless, because trans-cyclooctenes can
easily transform into inert cis-isomers, this click reaction needs
to be further optimized.101 Inspired by the synthetic pathway of

D-luciferin in fireflies, Rao et al. developed a thiol-based con-
densation between D-cysteine (D-Cys) and 2-cyanobenzothiazole
(CBT).102 The rate constant of this click reaction was about
9.0 M�1 s�1 and the reaction could proceed in different physio-
logical conditions.103,104 The ‘‘photo-click’’ reaction between an
alkene and a nitrile imine may provide us more bioorthogonal
strategies owing to the well-controlled spatiotemporal proper-
ties. Interestingly, the starting tetrazole is non-fluorescent, but
the product pyrazoline emits strong fluorescence, making it an
attractive imaging agent for cancer theranostic.105–107 The
Pictet–Spengler reactions have played a key role in the synthesis
of indole alkaloids since 1911.108 The canonical Pictet–Spengler
reactions are condensations between an aldehyde (ketone)
and a b-arylethylamine. However, the Pictet–Spengler reac-
tions always take place at weak acidic condition and their
products are unstable in storage. To overcome these limita-
tions, an improved variation-hydrazino-Pictet–Spengler (HIPS)
ligation was developed and has been widely applied in protein
labelling.109–113 Notably, Michael additions between thiol
and maleimide/enone are also widely used click reactions.
Considering that their related biological applications have been
well discussed in other reviews, we will not discuss this
reaction here.

In general, click reactions are classified into two parts:
metal-catalyzed click reactions and metal-free click reactions.
Cu-Catalysed CuAAC have prevailed in some physiological
conditions where cytotoxicity can be neglected, such as in cell
lysates and in fixed cells.114 Nevertheless, CuAAC are not
suitable for dynamic physiological processes due to the cyto-
toxicity of copper catalysts. Although some ligands have been
applied to decrease the toxicity, the procedures are complicated
and cannot fundamentally address the problem.115–117 On the
contrary, metal-free click reactions can be safely and efficiently
applied in living organisms for multiple treatment purposes.118,119

Table 1 summarizes the recently developed metal-free click
reactions. Although some reviews about metal-free click reac-
tions have been reported, most of them mainly focused on
biomolecule labelling/imaging and prodrug activation. With a
growing number of cancer theranostics researches supported
by bioorthogonal chemistry in recent years,120,121 a review
systematically introducing the development of these theranos-
tics is needed.

This review will present a variety of novel strategies for
cancer theranostics on the basis of metal-free bioorthogonal
chemistry, which is divided into two parts: cancer diagnosis
and cancer therapy. Cancer diagnosis will be discussed according
to various imaging methods, such as fluorescence imaging (FI),
magnetic resonance imaging (MRI), photoacoustic imaging (PAI),
positron-emission tomography (PET) imaging and Raman
imaging (RI). Cancer therapy will be discussed according to the
therapeutic modalities, including chemotherapy, photodynamic
therapy (PDT), photothermal therapy (PTT) and immunotherapy.
With the rapid development of organic methodology, materials
science and biochemistry, more and more bioorthogonal reac-
tions are expected to bring us more smart modalities for precise
cancer theranostics.

2. Metal-free bioorthogonal click
chemistry for cancer diagnosis
2.1 Metal-free bioorthogonal click chemistry for fluorescence
imaging

High signal to noise (S/N) ratio is urgently desired in imaging/
detecting biomolecules in the organisms. In case of proteins,
genetically encoded reporters (e.g. green fluorescent protein)
can be used as probes. However, lipids and glycans cannot be
imaged by the same method because they are post-translational
modifications that cannot be modified by genetically encoded
reporters. Although these biomolecules have already been
investigated in the static systems and in vitro, their real-time
behaviors in living systems are not well monitored. Bertozzi
et al. designed a ring strain-promoted [3+2] cycloaddition
reaction between DIFO derivatives and azide analogues to
reveal the glycosylation process (Fig. 1a-I).90 This kind of
cycloaddition reactions was 17–63 times faster than the
reported similar cycloadditions or Staudinger ligations. After
labelled for 1 min, the cell-surface glycans bearing azide groups
were imaged with high S/N. Furthermore, the trafficking
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pathway of the glycans was revealed and the half-life of glyco-
sylation process was calculated to be 15 min (Fig. 1a-II). This
Cu-free SPAAC reaction showed comparable kinetics as the Cu-
catalyzed click reactions but without any metal cytotoxicity,
displaying great potential in site-specific labelling of other
metabolites in living systems.

Tirrell et al. designed a series of membrane-penetrable DIFO
derivatives (1–3) by conjugation with coumarin (Fig. 1b-I).92 The
fluorescence test indicated that coumarin-labelling was specific
to azidohomoalanine (Aha) which was related to the new
generated proteins in the period of Aha pulse. Confocal slices
and cellular protein analysis confirmed that the labelling
happened not only on cell membranes, but also inside cells.
It was worth noting that the optimal concentration of com-
pound 3 is 10 mM (Fig. 1b-II). The reason may be ascribed to the
side reactions (thiol addition reactions) between coumarin–
cyclooctyne conjugates and cellular nucleophiles. Hence, when
using 3 as a labelling probe, the undesired side reactions
should be avoided. The mean fluorescence enhancement in

optimal conditions reached eightfold or higher, providing an
efficient tool for real-time imaging of protein modifications
that are not accessible previously.

Although bioorthogonal reactions have been applied in
various biological fields, such as monitoring zebrafish devel-
opment and exploring metabolic pathways,122,123 there are few
reports about their in vivo applications, particularly for the
targeted transportation of nanomedicines. Owing to the out-
standing properties of nanoparticles, e.g. long circulation time
and multivalent effect, nanomedicines bind to azide groups
bearing unnatural glycans on target cells more easily than small
molecular drugs. Kim et al. introduced a novel targeting
strategy based on bioorthogonal SPAAC reaction, metabolic
glycoengineering and nanotechnology (Fig. 1c-I).124 Unnatural
sialic acids bearing azide groups were easily anchored on the
surfaces of target tumor cells in a dose-dependent way when
using a tetraacetylated N-azidoacetyl-D-mannosamine (Ac4ManNAz)
precursor. PEGylated liposomes (PEG-lipo, PEG = poly(ethylene
glycol)), a widely used nano-sized drug delivery system, were

Table 1 Summary of metal-free bioorthogonal click reactions

Name Representative reaction k (M�1 s�1) Merits/demerits Ref.

Staudinger ligation B8.0 � 10�3 Slow kinetics 271

SPAAC 0.1 No metal catalyst; moderate kinetics 73

TEC — Reversible; high cross-reactivity

iEDDA B1–106 No metal catalyst; very high kinetics 272

Thiol-based click reaction B9 Moderate kinetics; reaction under different controllable
physiological conditions (enzymes, pH and reductions) 105

‘‘Photo-click’’ reaction B11 Spatiotemporal controllability; fluorescent switch 108

Pictet–Spengler reaction — Under weak acidic environment; product unstable
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conjugated with dibenzyl cyclootyne (DBCO) groups to generate
DBCO-lipo. For ease of viewing, near-infrared (NIR) fluores-
cence dye Cy5 was incorporated into DBCO-lipo. As a control
group, DBCO-Cy5 (DBCO was conjugated with Cy5) was
designed. After synergistic action of metabolic glycoengineer-
ing and bioorthogonal chemistry, the fluorescence of DBCO-
lipo in the tumor increased with an increasing concentration of
Ac4ManNAz. Due to the fast clearance and short circulation
time, the accumulation of DBCO-Cy5 in the tumor was
obviously lower than DBCO-lipo, confirming that the multi-
valent effect and long circulation time of nanoparticles were
beneficial to in vivo bioorthogonal chemistry (Fig. 1c-II). As a
result, the combination of metabolic glycoengineering and
bioorthogonal chemistry significantly promoted the develop-
ment of targeted drug delivery systems for cancer diagnosis and
treatment.

Under physiological conditions, thiol–yne click interactions
or hydrophobic interactions always lead to noise signals or even
compromise the efficiency of cyclooctyne in bioorthogonal
systems. To avoid these unspecific interactions, polar or
water-soluble cyclooctynes are desired. Delft et al. developed a
set of bicyclo[6.1.0]nonyne (BCN)-derived cyclooctynes (A-BCN
(5), GA-BCN (6) and BHM-BCN (7)) with excellent hydrophilicity,
high reactivity and specificity (Fig. 2a-I).125 Compared with
BCN, the membrane staining of A-BCN and GA-BCN in
HEK293 cells was more obvious. Furthermore, A-BCN selec-
tively stained the Golgi apparatus, providing the possibility to
study the dynamic glycan trafficking (Fig. 2a-II). These polar
BCN-derived cyclooctynes showed the improved labelling
specificity for the N-glycan of the transient receptor potential
vanilloid type 5 (TRPV5) with high S/N ratio, representing a

useful tool for visualising glycans of membrane proteins in
living systems (Fig. 2a-III).

Metabolic labelling and subsequent fluorescent imaging of
DNA are basic techniques for decoding the location and timing
of DNA synthesis in living systems. However, all the bioortho-
gonal reporters of RNA and DNA relied on alkyne-azide click
reactions. Therefore, an alternative bioorthogonal click reac-
tion for DNA imaging should be put forward to enrich the
species of DNA and RNA probes. Luedtke et al. designed a
metabolic probe 5-vinyl-20-deoxyuridine (VdU) for DNA label-
ling based on the iEDDA click reaction (Fig. 2b-I).126 With the
help of endogenous enzymes, VdU firstly inserted into the
genome of replicating cells, then the added fluorescent tetra-
zine reacted with VdU-modified DNA and eventually lit up the
strands. Compared with 5-ethynyl-2 0-deoxyuridine (EdU) that
is a widely used DNA reporter based on alkyne–azide click
reactions, VdU showed several remarkable advantages,
such as reduced genotoxicity (Fig. 2b-II), faster reaction, high
resolution and potential multicolor labelling of DNA duplica-
tion (Fig. 2b-III). This bioorthogonal iEDDA paves the way to
explore alternative bioorthogonal reporters for the cellular
nucleic acids.

Compared with ‘‘Always On’’ and ‘‘Turn-Off’’ probes, ‘‘Turn-
On’’ probes have the lowest background noise and are always
preferred. ‘‘Turn-On’’ probes need to remain ‘‘off’’ before turning
on at the sites of action. Liang et al. designed a single quenched
small molecule probe Cys(StBu)-Lys(GlyLys(DABCYL)-Gly-Gly-Arg-
Arg-Val-Arg-Gly-FITC)-CBT (12) (induced by fluorescence reso-
nance energy transfer (FRET) effect) which contained four key
components: (1) a disulfided cysteine (Cys) and a CBT motif for
reduction-triggered CBT-Cys condensation; (2) a DABCYL unit as a

Fig. 1 (a) Bioorthogonal reactions between DIFO derivatives and artificial glycans bearing azide groups to monitor the kinetic processes of living system.
(I) Mechanism of glycan detection. (II) Real-time imaging of a cell over the period of 1 h. Scale bar: 5 mm. Reproduced with the permission from ref. 90.
Copyright 2007, The National Academy of sciences of the USA. (b) Bioorthogonal reactions involving coumarin–cyclooctynes to image newly
synthesized proteins in living system. (I) Structures of coumarin–cyclooctynes and protein precursors. (II) Cellular fluorescence analysis under different
coumarin–cyclooctynes concentrations. Reproduced with the permission from ref. 92. Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) Tumor-targeted transportion of nanoparticles in vivo with the aid of bioorthogonal DBCO/azide click reaction. (I) Illustration of tumor-
targeted nanoparticle delivery in vivo. (II) Ex vivo near-infrared fluorescence images and fluorescence analysis after different treatments. Reproduced with
the permission from ref. 124. Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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fluorescence quencher of FITC; (3) an Arg-Arg-Val-Arg tetrapeptide
specific to furin; (4) an Gly-Gly dipeptide to avoid the steric effect

of furin cleavage (Fig. 3a-I).127 After the reduction-triggered con-
densation reaction, 12 quickly self-assembled into nanoparticles

Fig. 3 (a) Dual-quenching system applied to detect cellular furin. (I) Imaging mechanism of dual-quenching system. (II) CLSM images of MDA-MB-468
cells after different treatments (1-P: single quenched control probe; Inh: furin inhibitor). Scale bar: 10 mm. Reproduced with the permission from ref. 127.
Copyright 2018, American Chemical Society. (b) SPICC system applied to image tumor cells. (I) Imaging mechanism of SPICC system. (II) Ex vivo images
of tumors after different treatments. Scale bar: 1 cm. Reproduced with the permission from ref. 129. Copyright 2019, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Fig. 2 (a) Bioorthogonal reactions involving polar bicyclononynes for cell imaging. (I) Structures of polar bicyclononynes. (II) Confocal laser scanning
microscopy (CLSM) image of HEK293 cells after treatment with 5. (III) Western blots of the TRPV5 channel of HEK293 cells after treatment with 5 (CPT:
camptothecin). Scale bar: 10 mm. Reproduced with the permission from ref. 125. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Alkene-tetrazine click reaction for DNA imaging. (I) Structures of thymidine analogues applied to metabolically label cellular DNA. (II) gH2AX assay of
HeLa cells after different treatments. (III) Images of a cell at different stages of S-phase after the treatment of different thymidine analogues. Scale bar: 5
mm. Reproduced with the permission from ref. 126. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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(12-NPs) which was a dual-quenched probe caused by the FRET
and aggregation-caused quenching (ACQ) effects. After the
proteolysis of furin, the dual-quenched FITC was released from
12-NPs followed by the immediate fluorescence recovery.
Because furin is overexpressed in tumor,128 sensitive readouts
of furin using probe 12 provides a feasible strategy for the
accurate diagnosis of cancers. After treatment with 12, the
fluorescence of MDA-MB-468 cells became apparent and
reached its maximum at 2 h, indicating that cascade uptake,
immediate reduction-triggered condensation and quick col-
lapse of 12-NPs effectively occurred in tumor cells. Further-
more, the green fluorescence of FITC overlapped well with the
red fluorescence of Rhodamine, confirming that the recovery
of green fluorescence was initiated by intracellular furin
(Fig. 3a-II). Because the Arg-Arg-Val-Arg substrate in probe 12
can be replaced by other enzyme-cleavable polypeptides, this
‘‘Turn-On’’ probe can serve as a template to design other smart
imaging probes for accurate cancer diagnosis.

While some works based on bioorthogonal cleavage reac-
tions have significantly improved therapeutic effect in vitro, the
goal of designing two-component bioorthogonal systems that
can be efficiently applied in the complex living systems are still
challenging. Taran et al. presented a strategy which promoted
the bioorthogonal disassembly of smart micelles inside tumor
tissues following a programmed mode (Fig. 3b-I).129 Strain-
promoted iminosydnone–cycloalkyne cycloaddition (SPICC)
was utilized to construct bioorthogonal system. For instance,
an iminosydnone unit was introduced into a cleavable amphi-
phile 13 while a cycloalkyne group was introduced into a
b-glucuronidase-responsive pro-activator (DBCO-glu). Without
b-glucuronidase, there was extremely weak red fluorescence in
the cytoplasm of KB cells, indicating that DBCO-glu hardly
induced the disassembly of micelles. On the contrary, the
fluorescence was significantly lit up in the presence of
b-glucuronidase, demonstrating the vital role of b-glucuro-
nidase in the decomposition of the micelles. As expected, the

Fig. 4 (a) A visible light-triggered PQ/VE cycloaddition to label DNA. (I) Imaging mechanism of PQ/VE system. (II) Fluorescent labelling results of
different bioorthogonal reactions. (III) CLSM images of A549 cells after different treatments. Scale bar: 50 mm. Reproduced with the permission from ref.
130. Copyright 2018, American Chemical Society. (b) Legumain-specific NIR fluorescent switch for tumor imaging. (I) Imaging mechanism of legumain-
specific NIR fluorescent switch. (II) In vivo time-lapse fluorescence imaging of mice after different treatment (LI-1: a specific inhibitor of legumain).
Reproduced with the permission from ref. 133. Copyright 2018, American Chemical Society.
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intensity of red fluorescence in tumors in the M5-DiR + DBCO-
glu group was the strongest, indicating the decomposition of
micelles was triggered by a cascade enzymatic and bioortho-
gonal cleavage reactions inside the tumor (Fig. 3b-II). Such
approaches based on bioorthogonal cleavage reactions are
brilliant candidates for the delivery of drugs to lesions in a
controllable and precise manner, which is very important for
disease diagnosis and therapy.

Bioorthogonal reactions triggered by light are highly
demanded in biological studies. However, the current photo-
click chemistry is usually based on UV light and has cross
reactions under complex biological environments. Hence, a
new visible light-catalyzed bioorthogonal reaction which can
efficiently proceed in biological environment is urgently
needed. Zhang et al. reported a visible light-triggered bioortho-
gonal cycloaddition to orthogonally label specific proteins
(Fig. 4a-I).130 The bioorthogonal [4+2] cycloaddition between
9,10-phenanthrenequinone (PQ) groups and electron-rich vinyl
ether (VE) groups generated a fluorescent phenanthrodioxine
(PDO) cycloadduct. In a mixture of tetrazole, PQ-TAMRA (PQ
labelled with tamra), BSA-VE (bovine serum albumin labelled
with VE) and Lyso-MF (lysozyme labelled with monomethyl
fumarate), Lyso and/or BSA could be selectively labelled by
green fluorescence emitted from pyrazoline and/or red fluores-
cence emitted from TAMRA upon irradiation with mild UV light
and/or a hand-hold LED lamp (Fig. 4a-II), suggesting VE and PQ
did not crossly react with other bioorthogonal groups. After
irradiation with visible light, there were obvious colocalized red
fluorescence and green fluorescence on the surfaces of tumor
cells in cetuximab-VE/FITC + PQ-TAMRA group, confirming
that PQ-VE photocycloaddition successfully proceeded in living
tumor cells (Fig. 4a-III). Because PQ-VE photocycloaddition-
triggered cell labelling can be temporally and spatially con-
trolled by the visible light, this bioorthogonal reaction opens
the door to more precise biological applications.

Legumain is a kind of cysteine protease, which mainly exists
in the lysosomes and plays a key role in the catabolic process of
proteins. The overexpression of legumain is closely related with
certain malignant cancers, e.g. breast cancer, colon carcinoma
and prostate cancer.131 In addition, the level of legumain in
tumor reflects the degree of cancer progression.132 Inspired by
the indication function of legumain, Liang et al. designed a
smart NIR probe 14 which contained three parts: (1) a CBT
moiety and a Cys moiety for CBT-Cys click reaction; (2) a
Ala-Ala-Asn (AAN) tripeptide which is specific to legumain;
(3) a Cy5.5 chromophore for NIR imaging (Fig. 4b-I).133 After
the reduction of disulfide bond, 14 proceeded a CBT-Cys
condensation reaction and self-assembled into the nanoprobes
(14-NPs), in which NIR fluorescence of Cy5.5 was quenched due
to the ACQ effect. Upon internalization into cancer cells, the
tripeptide structure in 14-NPs was cut off by legumain, leading
to the collapse of 14-NPs and the in situ recovery of the NIR
fluorescence (Fig. 4b-II). As a result, this smart probe shows the
potentials in diagnosis of legumain-associated cancers.

Due to their innate merits including low background,
deep tissue penetration and effective solid-state emission,

aggregation-induced emission (AIE) luminogens (AIEgens) with
NIR fluorescence have been used in diversified fields, e.g.
biomedical engineering and optoelectronics. In the quest for
the easily available and functional NIR imaging probes, Tang
et al. introduced tetraphenylethene (TPE) and thiophene units
to both sides of spiro-benzo[d]imidazole-2,10-cyclohexane (BI),
generating a donor–acceptor (D–A) architecture (2TPE-2T-BI)
with high quantum yield, large Stokes shift and AIE lumines-
cent property (Fig. 5a-I).134 After coating DSPE-PEG-DBCO and
DSPE-PEG on 2TPE-2T-BI, DBCO-AIEdots were obtained, in
which DSPE and 2TPE-2T-BI formed the hydrophobic core
while PEG formed the hydrophilic outer layer. MCF-7 cells
pretreated with Ac4ManNAz displayed strong red fluorescence
after incubation with DBCO-AIEdots, demonstrating the combi-
nation of Ac4ManNAz and DBCO-AIEdots efficiently lit up
tumor cells. The red fluorescence signal in Ac4ManNAz-
pretreated mice was almost located at tumor sites in vivo (Fig.
5a-II), while the fluorescence spread all over the body in PBS
pretreated group, suggesting bioorthogonal click reactions
enhanced the accumulation of DBCO-AIEdots in tumors.
Benefiting from their good biocompatibility and superior opti-
cal performances, these AIE dots have enormous potentials in
imaging-guided PDT, PTT and drug delivery. Recently, another
type of bioorthogonal AIE dot was developed, in which a NIR
AIEgen (2TPE-4E) was encapsulated by DBCO-PEG-lipids
(Fig. 5a-III).135 The polyyne bridge moiety in 2TPE-4E not only
extended the p-conjugated system but also avoided the ACQ
effect. Animal experiments confirmed that AIE dots selectively
accumulated in tumor tissues with negligible organ toxicity by
taking advantages of bioorthogonal click reaction and metabolic
glycoengineering, suggesting AIE dots are eligible imaging probes
for cancer diagnosis.

Due to the unparalleled advantages such as good biocom-
patibility, versatile cavity structure and conveniently genetical
modifications, cell membrane vesicles (MVs) have received
intensive attentions from various fields. By means of metabolic
engineering, azide motifs can be anchored on the cell
membrane (CM) and act as the artificial receptors which can
undergo bioorthogonal click reactions.136 In acidic conditions,
vesicular stomatitis virus G-protein (VSVG) enables the fusion
of adjacent cells, thus the heterogeneity of acceptors on the
tumor cells can be efficiently overcome. Based on these ideas,
Liu et al. prepared N3-anchored mimovirus vesicles (MVVs-N3)
from VSVG overexpressing HEK293T cells.137 Attributing to the
fusion function of VSVG protein, MVVs-N3 were able to selec-
tively aggregate in tumor and underwent a low-pH fusion with
tumor cells (Fig. 5b-I). By conjugating with different kinds of
DBCO-modified imaging agents on the surfaces of fused tumor
cells, multiple targeted theranostic strategies can be realized
for malignant tumors. The red fluorescence signal of DBCO-Cy5
around tumor cells at pH 6.0 was much stronger than that at
pH 7.4, indicating MVVs-N3 possessed an outstanding capability
to fuse with tumor cell membrane in a weak acid environment.
4T1 or MCF-7 bearing mice treated with MVVs-N3 also showed the
strongest fluorescent intensity (Fig. 5b-II), suggesting that smart
MVVs-N3 were able to deliver VSVG protein and bioorthogonal N3
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moieties to tumor tissues, which efficiently overcomes the barriers
of tumor heterogeneity. If imaging agent DBCO-Cy5 was replaced
by DBCO-liposomes/indocyanine green (ICG) or DBCO-SPION
(superparamagnetic iron oxide nanoparticles), accurate fluores-
cence imaging could also be acquired, confirming this targeting
imaging method was a versatile strategy for cancer diagnosis.

Although the ‘‘click-to-release’’ strategy occupies an impor-
tant position in the fields of in situ drug activation and
fluorescence recovery of imaging agent, it is still urgent to
develop excellent bioorthogonal molecules with fast reaction
kinetics and good pharmacokinetics. Bernardes et al. developed
a pretargeting strategy on the basis of TCO/Tz bioorthogonal
decaging reaction for activation of probe/drug at tumor sites
(Fig. 6a-I).138 In pretargeting strategy, tetrazine-modified single-
walled carbon nanotubes (TZ@SWCNTs) and TCO-containing
complementary molecules, such as TCO-carbamate hemi-
cyanine (tHCA) and TCO-carbamate DOX (tDOX), were designed
for NIR imaging and cancer therapy. TZ@SWCNTs were firstly
administrated and allowed to fully accumulate in tumor tissues
with the assistance of the EPR effect. Then tHCA or tDOX was
administrated and quickly accomplished ‘‘click-to-release’’
reaction in situ to activate probe or active drug. After modifica-
tion, the cytotoxicity of tDOX was reduced by over one hundred
times. However, the cytotoxicity was largely recovered with the
help of TZ@SWCNTs, demonstrating this strategy improved the
safety and selectivity of cancer chemotherapy. CT26 tumor-
bearing mice pretreated with TZ@SWCNTs showed an obvious
signal in the belly at 1.5 h post injection of tHCA, and this

signal became invisible at 3 h. Meanwhile, the fluorescence
gradually became visible at tumor site at 3 h and further
increased during a period of 24 h (Fig. 6a-II), suggesting HCA
were successfully released in the Tz-labelled tumors. It is
worthy note that this strategy needs smaller dose of tetrazine
derivates than conventional methods owing to the tumor-
targeted transportation of TZ@SWCNTs. In addition, the inter-
val time in this pretargeting strategy was also much shorter
than other TCO/Tz-based activation strategies due to the fast
clearance of TZ@SWCNTs. Based on these excellent performances,
this pretargeting activation strategy will provide important value to
the existing targeting strategies for cancer diagnosis and treatment.

Tetrazine bioorthogonal probes emitting NIR fluorescence
are in urgent demand for in vivo bioimaging applications.
Wu et al. synthesized a serial of tetrazine-containing NIR
‘‘Huaxi-Fluors’’ (HFs) whose fluorescence were enhanced
hundreds of times after BCN/Tz bioorthogonal reactions. HFs
were characterized with large Stokes shifts, high S/N ratio
and low photo-bleaching.139 Tumor cells pretreated with BCN-
modified conjugates (such as BCN-cetuximab, BCN-morpholine
and BCN-triphenylphosphonium) followed by HFs, were all
efficiently lit up at their target sites without washing step,
such as cell surface (BCN-cetuximab group), lysosomes (BCN-
morpholine group) and mitochondria (BCN-triphenylphos-
phonium group), suggesting these HFs served as excellent
NIR probes with high S/N ratio in living systems. The NIR
fluorescence of tumor tissues in the HF probe group was signi-
ficantly stronger than that in control groups. Moreover, the

Fig. 5 (a) NIR AIEgens for tumor imaging in vivo. (I) Structures of 2TPE-2T-BI AIEgen, DSPE-PEG and DSPE-PEG-DBCO. (II) In vivo time-lapse
fluorescence imaging of mice after different treatment. (III) Structure of 2TPE-4E AIEgen. Reproduced with the permission from ref. 134. Copyright 2018,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Mimovirus vesicle-based cancer diagnosis. (I) Imaging mechanism of mimovirus vesicle. (II) In vivo FL
images of MCF-7/4T1 tumor-bearing mice after different treatments. Reproduced with the permission from ref. 137. Copyright 2020 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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fluorescence signal could reach as deep as 500 mm in tumor,
suggesting HFs have great potential for deeply intravital imaging.

To assess the therapeutic efficacy and selectivity of anti-
cancer drugs, real-time monitoring of tumor apoptosis may be an
effective method. Because apoptotic proteins, such as caspase-3
and caspase-7, are closely related to cell apoptosis,140–142 Rao et al.
designed a caspase-3/7-sensitive probe C-SNAF which could real-
time monitor the apoptosis of tumor cells (Fig. 6b-I).143 The probe
C-SNAF consisted of a disulfide bond for thiol-involved reduction,
a L-DEVD sequence for caspase-3/7-specific cleavage, as well as
a 2-cyano-6-hydroxyquinoline (CHQ) and a D-cysteine group for
bioorthogonal reactions. Good membrane permeability of the
probes and abundant caspase-3/7 in apoptotic tumor cells
together induced the intramolecular bioorthogonal condensa-
tion and the formation of macrocycle C-SNAF-cycl. Owing to the
hydrophobic interactions and p–p stacking, C-SNAF-cycl self-
assembled into nanoaggregates which acted as excellent ima-
ging contrasts for apoptotic tumor cells. Upon treatment with
C-SNAF-SIM, strong green fluorescent nanoaggregates could be
observed all over the cytosol or tumor tissues pretreated with
apoptotic drugs, demonstrating that caspase-3/7 induced the

formation of nanoaggregates in living systems (Fig. 6b-II). The
fluorescence signal in apoptotic drug-treated tumor was
obviously higher than the control groups (Fig. 6b-III), and
was proportionate to the caspase-3/7 activity, suggesting that
C-SNAF probes specifically labelled the apoptotic tumors. Inter-
estingly, the fluorescence in tumor was weak after one round of
apoptotic drug injection, while explosively increased after three
rounds of administration (Fig. 6b-IV), suggesting C-SNAF
accurately reported the real-time chemotherapeutic efficacy at
different treatment stages. Hence, C-SNAF probes are able to
provide useful and instant feedback information for cancer
treatment.

2.2 Metal-free bioorthogonal click chemistry for magnetic
resonance imaging (MRI)

It is well known that glycosylation plays an important role in
intercellular communication and cell migration. Although
some techniques have been applied in glycosylation imaging
in vitro, dynamic and in-depth imaging of glycans in vivo is
challenging. Based on metabolic glycoengineering (N-azidoacetyl-
galactosamine, Ac4GalNAz, 15) and a gadolinium-involving

Fig. 6 (a) Bioorthogonal carbon nanotubes for tumor imaging. (I) Imaging mechanism of bioorthogonal carbon nanotubes. (II) Time-lapse NIR
fluorescence intensity of tumor after different treatments. Reproduced with the permission from ref. 138. Copyright 2020, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (b) Bioorthogonal nanoaggregates for detecting caspase activity. (I) Imaging mechanism of nanoaggregates. (II) CLSM image of
apoptotic cells treated with C-SNAF-SIM. (III) The % difference in tumor fluorescence intensity over the course of imaging for C-SNAF, L-ctrl and D-ctrl.
(IV) A comparison of tumor fluorescence intensity at 2 h after treatment with C-SNAF in different groups. Reproduced with the permission from ref. 143.
Copyright 2014, Nature Publishing Group.
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bioorthogonal MRI probe (TMDIBO-Lys-Gd, 16), Neves et al.
realized in vivo imaging of glycosylated tissues (Fig. 7a-I).144

Probe 16 consisted of a DBCO moiety, a hydrophilic lysine
linker and a clinically approved gadolinium-involving DOTA
chelator. By feat of the metabolic labelling and bioorthogonal
reaction strategy, high gadolinium content and distinct MRI
signals (Fig. 7a-II) were detected in tumor, liver and kidney
tissues. However, without Ac4GalNAz pretreatment, these sig-
nals were low, suggesting the glycosylated tissues were accu-
rately imaged by the designed strategy. As surface glycan plays a
vital role in living systems, this glycosylation-based bioortho-
gonal system has promising potentials in realizing the fast and
non-invasive MRI of glycosylated tissues in preclinical models
of multiple diseases.

To overcome the problem of severe side effects in radio-
therapy, pretargeting strategies usually containing the primary
targeting agents and the secondary imaging agents are
proposed. Due to their impressive reaction kinetics and high
selectivity, bioorthogonal reactions have been considered as the
ideal reactions to connect the primary targeting agents and
the secondary imaging agents in living systems. Herth et al.
constructed a series of TCO-decorated polypeptide-graft-
polypeptoid copolymers (PeptoBrushes 17–19) with core–shell
structures to significantly prolong the half-life of TCO moieties
via the shielding effect (Fig. 7b-I).145 Attributing to the EPR
effect of PeptoBrushes, obvious signals were detected in tumors
at 2 h post injection in vivo, which could significantly promote
the clinical translation of the nanoparticles by decreasing

Fig. 7 (a) Synergy of metabolic labelling and MRI for glycosylation imaging in vivo. (I) Illustration of glycans labelling strategy. (II) T1-weighted MRI of mice
after different treatments. Reproduced with the permission from ref. 144. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Pretargeted nuclear imaging based on DBCO/Tz ligation reaction. (I) Illustration of pretargeted nuclear imaging strategy. (II) SPECT/CT images
obtained from mice assigned in pretargeted imaging group. (III) Image derived uptake values in tumors and main organs. Reproduced with the permission
from ref. 145. Copyright 2019, American Chemical Society.
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expenses and reducing the risk of nonscheduled treatment
protocols (Fig. 7b-II). Interestingly, the accumulation of Pepto-
Brushes in tumors and other organs remained at a low level
throughout the study (Fig. 7b-III). This may be attributed to the
less available radiolabelled PeptoBrushes in the blood for the
EPR-promoted tumor accumulation due to the low injected
dose of imaging agents, thus no huge increase of uptake was
monitored in tumor with the extension of time. Although the
tumor uptake became low, imaging contrast was obviously
improved at the early imaging point, which provided a great
superiority for PeptoBrushes nanomedicines to be applied in
pretargeted nuclear imaging.

For cancer diagnostic application, 1H MRI usually owns the
high sensitivity but low selectivity due to the large amount of
water molecules inside the tissues. On the contrary, 19F MRI
has compromised sensitivity but high selectivity because

19F can easily accumulate in tumor tissues. Hence, integrating
the high selectivity of 19F MRI and the superior sensitivity of
1H MRI undoubtedly can improve the diagnosis accuracy
of tumor. By conjugating TFMB-Arg-Val-Arg-Arg-Cys(StBu)-Lys-
CBT (20) onto Fe3O4 nanoparticle (IONP) via amido linkage,
Liang et al. constructed a probe with 1H MRI and 19F MRI
abilities (IONP@20) (Fig. 8a-I).146 Owing to the paramagnetic
relaxation enhancement (PRE) effect, 19F MRI of IONP@20 was
quenched at first. However, under the catalysis of furin, TFMB-
Arg-Val-Arg-Arg moiety in 20 was cut off and then the signal of
19F MRI recovered. Simultaneously, bioorthogonal CBT-Cys
click reactions among IONP@20 residues were initiated by
GSH, which eventually led to the formation of cross-linked
IONPs. Attributing to the aggregation of IONP, R2 of ambient
water molecules was elevated and T2 MRI signal was signifi-
cantly enhanced. Thus, this smart IONP@20 probe with furin

Fig. 8 (a) Furin-triggered NP aggregation to enhance 19F and 1H MRI in vivo. (I) 19F and 1H MRI mechanism of furin-triggered NP aggregation.
(II) T2 images and T2 values of IONP@20-Scr and IONP@20 after incubation with different cells. (III) 19F MR image of IONP@20 after incubation with
MDA-MB-468 cells. Reproduced with the permission from ref. 146. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) GGT-triggered
Gd-based contrast agent to improve T2-weighted MRI of tumors in vivo. (I) T2-weighted MRI mechanism of GGT-initiated Gd-based contrast agent. (II) T2

MR images of mice bearing HeLa tumor after different treatments (upside) and T/M (tumor-to-muscle) ratio analysis of T2 values in different groups
(below). Reproduced with the permission from ref. 147. Copyright 2019, American Chemical Society.
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and GSH dual-responsiveness realized accurate imaging of
tumors. Widespread IONP aggregates appeared in Golgi bodies
of MDAMB-468 cells overexpressing furin and significantly
enhanced 1H MRI signals were observed after the treatment
with IONP@20 (Fig. 8a-II). Meanwhile, 19F MRI signals were
switched on (Fig. 8a-III), to detect furin activity of tumor cells.
As expected, the signals of T2 MRI and 19F MRI of tumors were
also augmented in the IONP@20 group, indicating that smart
PRE effect and furin-induced IONP aggregation led to precise
dual-MRI of tumor. After ingenious modification, this dual-
responsive probe shows the potentials for precise 1H and
19F MRI of tumor in bigger rodents in the near future.

Gd-based MRI contrast agents (CAs) routinely serve as
T1-dominated CAs. Latest research reported that Gd-based
nanostructures could also be employed as T2-weighted CAs at
high magnetic field. However, the Gd-based nanoparticles
in situ formed in cells have not been used to improve the
in vivo T2-weighted MRI of tumors at high magnetic field. Liang
et al. designed a Gd-based MRI probe which self-assembled into
nanoparticles in the presence of g-glutamyltranspeptidase
(GGT), resulting in the enhanced T2-weighted MRI of tumors
at high magnetic field (Fig. 8b-I).147 Under the catalysis of GGT
on the cell membrane, the Glu moiety in 21 was cut off and
21-Cleaved was generated. Intracellular GSH then cleaved the
disulfide bond of 21-Cleaved and CBT-Cys condensation among
the residues of 21-Cleaved smoothly occurred to form 21-Dimer.
Attributed to the p–p stacking, the amphiphilic 21-Dimer self-
assembled into Gd-based nanoparticles (21-NPs) inside tumor
cells, which owned enhanced T2-weighted MRI ability at high
magnetic field. The T2 value of tumors in the 21 group reached its
maximum at 2.5 h post injection, but the T2 value of tumors in
control groups increased very slightly (Fig. 8b-II), suggesting GGT-
triggered intracellular 21-NPs contributed to the increased T2 MR
contrast of solid tumors. When high magnetic field is permissible
in clinic, this T2-weighted MRI probe can be employed to diagnose
GGT-related malignancy in the future.

2.3 Metal-free bioorthogonal click chemistry for
photoacoustic imaging (PAI)

Due to the existence of blood brain tumor barrier (BBTB), blood
brain barrier (BBB) and intricate brain tumor microenviron-
ment, the development of new imaging method for brain
tumors has been hindered by the low delivery efficiency of
contrast agents. Liu et al. constructed a multimodal imaging
contrast agent cRGD-CM-CPIO to escape the barriers of
brain tumors (Fig. 9a-I).148 To obtain cRGD-CM, CM was firstly
labelled with large numbers of azide groups by means of
metabolic glycoengineering. Then, cRGD was conjugated onto
CM through the bioorthogonal azide/BCN click reaction. CPIO
consisted of ultrasmall IONPs and a diketopyrrolopyrrole (DPP)-
based conjugated polymer (CP). The brain tumor-bearing mice
treated with cRGD-CM-CPIO showed a higher fluorescence out-
come than those injected with CM-CPIO, implying the higher
tumor targeting efficiency of cRGD-CM coating than CM coating.
MRI displayed the similar results as the FI (Fig. 9a-II). PAI showed
that cRGD-CM-CPIO overlaid the whole cross-section of brain

tumor, while CM-CPIO only located at the superficial layer of
brain tumor (Fig. 9a-III), demonstrating that cRGD-CM-CPIO
overcame the barriers of BBB and BBTB. This study provides a
good example of bioorthogonal CM as a potential theranostic
approach to overcome the delivery barriers existing in brain
tumors.

Due to the high spatial resolution, PAI is preferred in
diagnosing superficial cancers. Although various PA agents
have been designed, a smart enzyme-activatable probe that
can enhance the PA signal of tumor tissues has not been
reported. Liang et al. reported a NIR probe IR775-PhePhe-
Tyr(H2PO3)-OH (1P) to improve PA imaging of alkaline phos-
phatase (ALP) at cellular level and in animals (Fig. 9b-I).149

Under the catalysis of ALP in tumor tissues, 1P transformed
into hydrophobic IR775-Phe-Phe-Tyr-OH (22) which self-
assembled into nanoparticles (22-NPs) in tumor cells after
endocytosis. Formation of nanoparticles quenched the NIR
fluorescence of the probe but enhanced its PA imaging ability.
PA signals in ALP-overexpressing HeLa tumors were much
stronger than those in the ALP inhibitor-treated groups
(Fig. 9b-II), indicating ALP played a key role in enhancing the
PA signal of tumors. In contrast, PA signal in muscle tissues
was very low, suggesting that 1P probe was able to selectively
activate PA signals at tumor sites. Because different levels of
ALP were expressed at different proliferative and differentiative
stages of tumors, 1P was also able to precisely distinguish the
progression of tumors. As the construction method of 1P is
universal, more elaborately-designed PA probes can be con-
structed based on this method to precisely diagnose other
difficult miscellaneous diseases.

2.4 Metal-free bioorthogonal click chemistry for positron
emission tomography (PET) imaging and Raman imaging (RI)

Positron-emission tomography (PET) imaging is a clinical
routine modality for cancer diagnosis owing to its high
sensitivity. Because tumor cells are metabolically active, it is
difficult to conduct precise PET imaging of specific tumor.
Hence, tumor-targeted strategies are necessary to increase
the selectivity of PET probes. Liang et al. synthesized a furin-
initiated radiotracer Acetyl-Arg-Val-Arg-Arg-Cys(StBu)-Lys-
(DOTA-68Ga)-CBT (CBT-68Ga) which could be co-injected with
its cold analog CBT-Ga to enhance PET imaging of target
tumors in vivo. In the presence of GSH and furin, CBT-68Ga
successively underwent disulfide bond reduction and CBT-Cys
bioorthogonal click reaction to form dimerization or trimer-
ization which eventually self-assembled into CBT-68Ga nano-
particles (CBT-68Ga-NPs) (Fig. 9c-I).150 Compared with the
CBT-68Ga control group, stronger PET signal was observed in
tumors at 1 h post injection of CBT-Ga + CBT-68Ga and the
signal was observed even after 3 h (Fig. 9c-II), suggesting
CBT-68Ga-NPs not only increased the accumulation of the
radiotracers in tumor tissues but also improved the PET
imaging of tumors. No pathological change was observed in
main organs and tissues in the experimental group, sugges-
ting the biocompatibility of CBT-68Ga probes was excellent.
Hence, CBT-68Ga not only owns outstanding PET imaging
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Fig. 9 (a) Biomimetic nanoparticles for brain tumor imaging. (I) Preparation route of cRGD-CM-CPIO nanoparticles. (II) MRI images of brain tumors after
different treatment. (III) PAI images of brain tumors after different treatment. Reproduced with the permission from ref. 148. Copyright 2020 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) ALP-triggered NIR nanoparticle to enhance PA imaging of tumors in vivo. (I) PA imaging mechanism of ALP-
triggered NIR nanoparticle. (II) 3D PA spectra of tumors in vivo after different treatments. Reproduced with the permission from ref. 149. Copyright 2018,
American Chemical Society. (c) Furin-triggered 68Ga-based nanoparticle to enhance PET imaging of tumors in vivo. (I) Imaging mechanism of furin-
initiated 68Ga nanoparticle. (II) PET images of mice bearing MDA-MB-468 tumor after different treatments. Reproduced with the permission from ref.
150. Copyright 2019, American Chemical Society. (d) Furin-triggered Olsa-NPs for Raman imaging of tumors. (I) Raman imaging mechanism of furin-
triggered Olsa-NPs. (II) Structure of Olsa-PRVV. (III) Machine classification results of Raman spectra. Reproduced with the permission from ref. 151,
Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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capability but also has good biocompatibility, both of which
are important for in vivo imaging.

Attributed to its high photostability and molecular specifi-
city, Raman spectroscopy has been used to recognize tumour-
genesis and progression, as well as to evaluate the therapeutic
effect. However, the clinical use of Raman spectroscopy is still
limited because there are severe signal interferences from
cellular or tissue matrix. Therefore, a targeted Raman imaging
agent is urgently desired to detect tumor progression. Bulte
et al. designed a new Raman reporter (Olsa-RVRR) which could
specifically emit distinct Raman signals in furin-overexpressing
tumor cells (Fig. 9d-I and -II).151 After being internalized by
tumor cells overexpressing furin, Olsa-RVRR transformed into
the hydrophobic oligomers under GSH reduction and furin
cleavage. Then the driving forces of supramolecular inter-
actions forced oligomers to self-assemble into Olsa-NPs which
not only increased the cellular concentration of Olsa but also
prolonged the retention time of drugs in tumor cells. The
Raman signal accurately distinguished Olsa-RVRR treated
tumors from others in control groups (Fig. 9d-III), confirming
the specific accumulation of Olsa-NPs enhanced the Raman
signal of tumor tissues. As olsalazine (Olsa) is an efficient DNA
methylation inhibitor, Olsa-RVRR may serve as a new cancer
theranostic platform in which Raman imaging acts as diagnostic
method and Olsa works as chemotherapeutic agent.

3. Metal-free bioorthogonal click
chemistry for cancer therapy
3.1 Metal-free bioorthogonal click chemistry for
chemotherapy

Over the past decades, there existed several examples applying
bioorthogonal reactions for prodrug activation at cellular level,
while their in vivo utilizations were rare because of the off-target
drug release and weakened reactivity of prodrugs caused
by stereo-hindrance effect.152 Gamble et al. developed a new
bioorthogonal prodrug activation strategy to explore their
in vivo application (Fig. 10a, I).153 Anticancer drug DOX was
linked to an azide group through a self-eliminating linker
p-aminobenzyloxycarbonyl (PABC), thus a prodrug 24 was
formed. After azide/TCO bioorthogonal reactions (step 1–3), a
fast 1,6-elimination reaction was induced by the acid-catalyzed
imine hydrolysis, which led to the cleavage of PABC linker from
the prodrug followed by a rapid drug release (step 4–5).
Compared with free DOX, prodrug 24 showed a lower cytotoxi-
city. However, the cytotoxicity recovered after the addition of
25, suggesting bioorthogonal reaction successfully helped
release the active DOX (Fig. 10a-II). With the help of 25, active
26 was rapidly released in mouse serum, indicating the rate of
activation reaction was higher under physiological conditions,
which was an excellent advantage for in vivo application.
Notably, free 26 bound more serum proteins than prodrugs
24, and 25 could slowly transform into its unreactive isomer
CCO–OH. Although this activation strategy stays at the initial
phase of the prodrug activation, it laid a solid foundation for

the future development of in vivo bioorthogonal activation or
protection/deprotection applications.

Although nano-drug delivery systems have significantly
reduced the side effects of free drugs, their therapeutic efficacy
for soft tissue sarcoma (STS) is still poor because of the high
heterogeneity of STS.154,155 Strategies are urgently needed to
realize tumor-specific drug release for STS treatment. Royzen
et al. reported a iEDDA reaction-based therapeutic strategy, in
which small molecule prodrugs could be specifically activated

Fig. 10 (a) 1,3-dipolar cycloaddition system for prodrug activation. (I) The
proposed mechanism of prodrug activation. (II) Structures of 23, 24, 25
and 26. Reproduced with the permission from ref. 153. Copyright 2015,
The Royal Society of Chemistry. (b) Prodrug activation strategy to treat STS.
(I) Illustration of prodrug activation strategy. (II) Structures of 27, 28 and 29.
(III) The change of tumor size during the therapy in different groups.
Reproduced with the permission from ref. 156. Copyright 2016, American
Chemical Society.
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at tumor sites and ensured an effective therapeutic concentration
of anticancer drug in tumor (Fig. 10b-I).156 The pretargeted system
consisted of an alginate hydrogel decorated with tetrazine groups
(HMT) and a TCO-based prodrug (29) (Fig. 10b-II). After post-
injected prodrugs reached the tumor site, the iEDDA reactions
between tetrazine and TCO groups occurred and initiated the
drugs release in situ. Attributed to the abundant tetrazine moieties
on the hydrogel, small molecule prodrugs were concentrated at
the tumor sites, making up for their suboptimal pharmaco-
kinetics. Compared with control groups, the tumor volume
remained undetectable throughout the experiment in prodrug
groups (Fig. 10b-III), indicating active drugs were efficiently
released from prodrugs in vivo and their anti-tumor activity was
highly kept. This approach offers a new way for in situ concen-
trating anticancer drugs at targeted location without relying on
the endogenous markers/bioactive molecules, and it holds an
enormous potential to improve the clinical therapeutic effect
of STS.

Metabolic glycoengineering acts as a useful tool to artifi-
cially anchor bioorthogonal groups onto the surfaces of cells.
Nevertheless, selectively labelling the interesting cell types still
remains challenging.157–159 Cheng et al. designed an unnatural
sugar possessing an ability to selectively label tumor cells
with azido moieties, providing convenience for the following
bioorthogonal reaction-based targeting strategy (Fig. 11a-I).160

To acquire high labelling specificity towards tumor cells, a
histone deacetylase (HDAC)/cathepsin L (CTSL)-responsive
Ac4ManAz derivant (DCL-AAM) was constructed. After dual-
enzyme hydrolysis, DCL-AAM underwent a structural rearrange-
ment and quickly released the active Ac3ManAzOH to label cell
membrane with N3 groups (Fig. 11a-II). DBCO-doxorubicin
prodrug (DBCO-VC-Dox) (Fig. 11a-III) was conjugated onto the
N3-anchored cell membrane via the bioorthogonal chemistry
and underwent the cathepsin B-mediated enzyme hydrolysis to
release active DOX. The formulation of DCL-AAM + DBCO-VC-
Dox significantly inhibited the tumor growth and prolonged
the lifetime of mice in two cancer models (LS174T and MDA-
MB-231 tumor models). In addition, bioorthogonal system
significantly reduced lung metastasis and induced low systemic
toxicity. This click chemistry-based tissue active targeting
strategy (ATTACK) can be further developed using other sugar
derivatives which respond to different endogenous bioactive
molecules.

Owing to the large size and low stability, traditional anti-
body–drug conjugates (ADCs) encounter various problems,
such as poor tissue penetration and unsatisfactory efficacy.161,162

Prodrug strategy in which the toxicity of drug is provisionally
inhibited outside the cell but recovered in the cell, can be
applied to improve the current ADCs. Chen et al. reported a
prodrug-antibody conjugate (ProADC, TCO-Dox-Ab) that not only

Fig. 11 (a) ATTACK strategy to enhance tumor accumulation of anticancer drugs. (I) Illustration of ATTACK strategy. (II) Degradable mechanism of DCL-
AAM. (III) Structure of DBCO-VC-Dox. Reproduced with the permission from ref. 160. Copyright 2017, Nature Publishing Group. (b) The proposed
mechanism of ProADC strategy. Reproduced with the permission from ref. 163. Copyright 2019, Chinese Chemical Society. (c) Enrichment-initiated
prodrug activation strategy to enhance tumor accumulation of anticancer drugs. (I) Illustration of enrichment-initiated prodrug activation strategy.
(II) CLSM images of RAW264.7 cells incubated with 30b (1 mM) + 31b (1 mM) (left) and 30b (5 mM) + 31b (5 mM) (right). (III) Serum ALT level of mice treated
with acetaminophen followed by compounds 30a + 31a or 30b + 31b (high: 4 mg kg�1; low: 0.4 mg kg�1). Reproduced with the permission from
ref. 166. Copyright 2018, Nature Publishing Group.
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enhanced the cell penetration but also increased the intracellu-
lar activity of drugs (Fig. 11b).163 Attributed to the pH-sensitive
linker between anti-Her2 antibody and TCO-Dox, TCO-Dox was
efficiently released at the tumor sites. Based on the bioortho-
gonal chemistry, TCO-Dox was specifically activated by 3,6-
dimethyl-1,2,4,5-tetrazine (Me2Tz) in tumor cells, thus ensuring
the excellent anticancer effect and biocompatibility. In the future
work, Me2Tz can be endowed with a tumor-targeted function to
develop a dual-targeting project, which may further enhance the
therapeutic efficacy and reduce side effects.

It is well known that targeting approaches can efficiently
concentrate prodrugs or drug conjugates at desired locations,164,165

however the following controlled drug release becomes a challenge.
Wang et al. developed a concentration-sensitive system for prodrug
activation based on the kinetics of the bioorthogonal reaction
(Fig. 11c-I).166 In detail, it is assumed that the concentration of
prodrug in blood was low and did not cause toxicity (second-
order rate constant = 0.25 M�1 s�1, calculated t1/2 = 100 h).
When the prodrugs were enriched at the target sites, the
kinetics of click reactions rapidly triggered the drug release,
thus enhancing the cytotoxicity of prodrug. In this system,
tetrazine/cyclooctyne and cyclopentadienone/strained alkyne
were selected as two bioorthogonal pairs for prodrug activation,
DOX and CO were two drug models. Triphenylphosphonium
(TPP) decoration was used to enrich drugs in mitochondria to
decrease their first t1/2. In tetrazine/cyclooctyne bioorthogonal
system, drug release was triggered by a click, cyclization and
release (CCR) sequential process. The IC50 values of HeLa cells
treated with TPP-decorated prodrugs were lower than that
in non-TPP prodrug groups, indicating that enrichment of
prodrugs in mitochondria promoted the DOX release. In cyclo-
pentadienone/strained alkyne bioorthogonal system, a
naphthalene group was introduced into the structure of cyclo-
pentadienone to obtain a fluorescence imaging capability.
Fluorescence imaging (Fig. 11c-II), tumor necrosis factor-a
(TNF-a) and serum alanine aminotransferase (ALT) (Fig. 11c-
III) analysis collectively indicated that TPP conjugation was
able to enhance the local delivery of CO and provided a potent
potential for hepatoprotection. Based on the acquired results,
these two enrichment-triggered release (ETR) approaches may
play their therapeutic functions for treatment of acute liver
injury and malignant tumors.

Adverse drug reactions (ADRs) of anticancer drugs strictly
restrict their maximum doses, resulting in tumor metastasis
and cancer recurrence. Various strategies including nano-
medicines and prodrug activation have been developed to avoid
ADRs,167,168 but the effectiveness of these approaches is not
satisfactory. Gao et al. designed an enzyme-instructed supra-
molecular self-assembly (EISA) based on Tz/TCO decaging
reaction to realize selective activation of prodrugs in cancer
cells (Fig. 12a).169 Because enzyme activity was specific to tumor
cells, EISA precisely recognized the target cells and triggered
the formation of supramolecular self-assembly. Tz moieties
were attached onto the EISA motif (NapK(Tz)YF, 33) to trigger
the iEDDA-mediated decaging reaction of TCO-caged prodrugs
(TCO-Dox) in cancer cells. Based on this EISA, abundant Tz

groups accumulated inside tumor cells and TCO-Dox prodrugs
were efficiently activated, both of which cooperatively led to the
death of cancer cells. In the presence of EISA, the EC50 value of
TCO-Dox against HeLa cells was significantly lower than free
DOX, indicating the accumulation of EISA in HeLa cells was
more effective than free DOX. Tumor growth was obviously
inhibited in the 33 + TCO-Dox group (Fig. 12b), and the body
weight of mice remained stable throughout the treatment
(Fig. 12c), indicating the bioorthogonal system not only guar-
anteed efficient tumor growth inhibition but also reversed the
ADRs of DOX. Hence, this EISA provides a new possibility for
small molecular prodrug to effectively alleviate ADRs in cancer
chemotherapy.

Recently, bioorthogonal decaging reactions have been devel-
oped to activate prodrugs,170–172 but multifunctional bioortho-
gonal platforms were rarely reported for tumor theranostics.
Wu et al. developed a bioorthogonal system on the basis of vinyl
ether/Tz decaging reaction to simultaneously realize prodrug
activation and fluorescence imaging (Fig. 13a).173 This platform
consisted of a Tz-linked NIR fluorophore (Tz-NR) and a vinyl
ether-conjugated camptothecin (vinyl ether-masked CPT).
Owing to the through-bond energy transfer (TBET), the NIR
fluorescence of Tz-NR was temporarily quenched. Upon the
occurrence of bioorthogonal decaging reaction between Tz and
vinyl ether groups, CPT was released from vinyl ether-masked
CPT and NIR fluorescence of Tz-NR was recovered. To improve
the bioavailability of the two-component system, Tz-NR and
prodrugs were encapsulated into PEG-conjugated phospholipid
vesicles, forming liposomal trigger (LIP-NR-Tz) and liposomal
prodrug (LIP-prodrug), respectively. LIP-NR-Tz + LIP-prodrug
showed a high tumor accumulation and activated NIR fluores-
cence via the EPR effect and bioorthogonal reaction (Fig. 13b).
In addition, bioorthogonal system showed a higher tumor
suppression efficiency and undetectable organ damage, con-
firming this combined strategy safely and efficiently erased
tumors (Fig. 13c). This bioorthogonal decaging reaction offers a
new strategy for cancer diagnosis and treatment in living
systems.

Targeted delivery of nanomedicines has been widely used in
cancer theranostics,174 but they always have low therapeutic
efficacy due to their limited penetration. Therefore, there is
a need to exploit new nanoplatforms that can deliver nano-
medicines deeply into tumors. Inspired by the fact that inflam-
matory immune cells can be recruited to support the tumor
growth, Hyeon et al. designed a click reaction-assisted immune
cell targeting (CRAIT) strategy to transport nanomedicines to
the interior and avascular sites of tumors (Fig. 14a-I).175 TCO
moieties were conjugated onto CD11b antibodies (anti-CD11b-
TCO) and tetrazines were conjugated onto DOX-loaded meso-
porous silica nanoparticles (MSNs-Tz) to form bioorthogonal
pairs. CD11b+ inflammatory cells served as the active transpor-
ter to transport the DOX-loaded nanoparticles to the avascular
regions of tumors. CD11b+ cells were still observed in tumor
vessels at 24 h post injection of MSNs-Tz and anti-CD11b-TCO,
suggesting that CRAIT-based drug delivery was efficient even
after bioorthogonal nanoparticles were cleared from blood
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(Fig. 14a-II). The therapeutic efficacy of CRAIT strategy on
4T1 tumor model was obviously higher than control groups
(Fig. 14a-III), revealing that CRAIT strategy efficiently delivered
therapeutic nanoparticles into tumors. CRAIT strategy also
showed no notable toxicity to major organs, suggesting the
minimized side effects of CRAIT strategy (Fig. 14a-IV). This
CRAIT strategy can be developed to manipulate different nano-
vehicles and cells for the treatment of life-threatening diseases
without complex ex vivo manipulation of immune cells.

Multidrug resistance (MDR) is one main cause for the failure
of cancer chemotherapy. Hence, how to increase the cellular
drug concentration and prolong their retention time are crucial
to overcome the MDR of cancer therapy.176,177 Bulte et al.
designed a small molecule probe (Olsa-RVRR) which not only
prolonged drug retention in tumors but also enhanced
chemical exchange saturation transfer magnetic resonance
imaging (CEST MRI) of tumors (Fig. 14b-I).178 RVRR was con-
jugated onto anticancer drug Olsa to realize two functions: (1)
enhancing the membrane penetration of Olsa-RVRR; (2) providing
a substrate which is specific to furin. Upon entering into tumor
cells overexpressing furin, Olsa-RVRR immediately took off the
RVRR peptide and tert-butyl sulfydryl because of the catalysis of
furin and GSH. Then, intermolecular click condensation between

cyano groups and 1,2-aminothiol groups occurred and produced
Olsa nanoparticles (Olsa-NPs) in tumor cells, which not only
prolonged drug retention but also enhanced CEST MRI signals
(Fig. 14b-II). The OlsaCEST signals in HCT116 tumor were always
higher than control groups, and the signals could still be observed
even after 24 h (Fig. 14b-III), suggesting OlsaNPs were indeed
formed in HCT116 tumors. In line with CEST MRI results,
Olsa-RVRR showed a more effective tumor inhibition on both
LoVo and HCT116 tumor models (Fig. 14b-IV), suggesting the
tumor accumulation of OlsaNPs and their long retention time
contributed to the high anticancer effect. This furin-targeted
and MRI-guided platform has great potential for multi-
directionally monitoring the drug accumulation, tumor aggres-
siveness and therapeutic response.

Because of the different sensitivity of cells to chemother-
apeutics in solid tumor, tumor heterogeneity is still a major
challenge in chemotherapy. Cancer stem-like cells (CSCs) are
considered as the primary cause for intratumor heterogeneity,
and also the chief offender of progression, recurrence and meta-
stasis of malignancies. Mo et al. developed a cell differentiation-
regulated nanomedicine (ATRA/CPT-NPs), in which all-trans
retinoic acid (ATRA) and camptothecin (CPT) acted as
differentiation-inducing agent and cytotoxic drug respectively,

Fig. 12 Enzyme-catalyzed bioorthogonal strategy for tumor-specific prodrug activation. (a) Therapy mechanism of enzyme-catalyzed bioorthogonal
strategy and structures of 32, 33 and 34. (b) Tumor growth curves of mice after different treatments. (c) The change of the body weight after different
treatments. Reproduced with the permission from ref. 169. Copyright 2018, Nature Publishing Group.
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to overcome the therapeutic barrier imposed by the CSCs-
rooted heterogeneity (Fig. 15a-I).179 After endocytosis by CSCs,
ATRA/CPT-NPs rapidly released ATRA owing to the hypoxia-
induced structure transition to initiate the differentiation of
CSCs. Then the elevated ROS level from the differentiation of
CSCs led to the release of CPT via the cleavage of oxalate
linkers, thus enhancing the cytotoxicity to the differentiated
cells (Fig. 15a-II). The released CPT also relieved tumor hypoxia
condition by suppressing the expression of hypoxia-inducible
factor-1a (HIF-1a) to keep the high chemotherapeutic efficacy.
Compared with control groups, ATRA/CPT-NPs showed the
strongest therapeutic benefits (Fig. 15a-III and -IV), suggesting
the sequential ATRA and CPT release was necessary to improve
the antitumor efficacy. As expected, ATRA/CPT-NPs not only
inhibited the tumor growth (Fig. 15a-V), but also efficiently
prevented tumor recurrence and metastasis, suggesting the
outstanding anticancer promotion ability of this cell differen-
tiation-regulated nanomedicine. The obtained results provide a
perspective prospect for synergistic nanotherapeutic strategy in
overcoming CSCs-related chemotherapeutic resistance.

Mitochondrial dysfunction has a close relationship with a
variety of diseases, such as obesity, neurodegenerative diseases,
diabetes and malignancy. It is urgently desired to develop novel

theranostic approaches to fight against mitochondriopathies.
Vrabel et al. designed a series of 1,2,4,5-tetrazines (35a–35l)
which selectively accumulated in the mitochondria of living
cells and underwent bioorthogonal reactions with TCO-caged
molecules to release fluorescent molecules or active drugs
(Fig. 15b-I).180 35b, 35e and 35i exhibited rapid release of
fluorescent dyes in cells and one-cell mouse embryos within
2 h (Fig. 15b-II), suggesting this bioorthogonal strategy could
realize a fast and accurate fluorescence imaging. In addition to
bioimaging, this strategy was also applied in prodrug activa-
tion. TPP and TCO groups were attached onto the hydroxyl
group of niclosamide via a self-immolative linker to obtain
TCO-TPP-niclosamide. The protonophoric activity of niclosa-
mide was recovered in the presence of 35i, indicating prodrug
activation was realized in cells (Fig. 15b-III). Based on these
encouraging results, it is believed that more biological pro-
cesses will be regulated by the bioorthogonal reaction in a more
precise manner in the near future.

3.2 Metal-free bioorthogonal click chemistry for
photodynamic therapy (PDT) and photothermal therapy (PTT)

Prodrug activation triggered by bioorthogonal chemistry has a
potential to overcome the tumor heterogeneity, but the majority

Fig. 13 Bioorthogonal nanoplatform for NIR imaging and selective prodrug activation. (a) Therapy mechanism of bioorthogonal nanoplatform. (b) The
mean fluorescence intensities of abdomen and tumor at different time points after administration of LIP-NR-Tz + LIP-prodrug. (c) The change of body
weight after different treatments. Reproduced with the permission from ref. 173. Copyright 2019, American Chemical Society.
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of current activation strategies rely on endogenous enzymes or
receptors which are expressed differently in different tumors.181,182

As acidosis is regarded as a typical characteristic of tumor, the
acidic microenvironment is always used as a tumor-specific
stimulus to trigger bioorthogonal reactions in tumors. Wang
et al. designed a pH-responsive polymer containing tertiary
amine and tetrazine groups (PEG-P(AEMA-r-Tz)) (Fig. 16a).183

Under neutral conditions, polymers self-assembled into
micelles (ASTNs) to enclose the tetrazine groups and shield
their activity. However, micelles rapidly collapsed and tetrazine
groups were activated in the acidic tumor microenvironment,
thus initiating bioorthogonal reactions in tumors. To realize
imaging-guided cancer treatment, a macrotheranostic prodrug
CyPVE composed of a PEG hydrophilic chain and a vinyl ether-
caged hemicyanine dye (CyPOH) was constructed. Under the
acidic microenvironment, the vinyl ether groups of CyPVE were
cleaved by ligation-elimination bioorthogonal reactions, thus
the phototoxicity and NIR fluorescence of CyPOH was activated.
The red fluorescence signal was only lit up around the periphery
of the multicellular spheroids (MCSs) derived from 4T1 cells at
pH 7.4, but could reach a 100 mm depth at pH 6.5 (Fig. 16b),

demonstrating CyPVE was activated by ASTNs in the acidic
environment. The theranostic performances of the ASTNs/
CyPVE group surpassed the control groups, including in vivo
fluorescence imaging, tumor inhibition and safety, collectively
demonstrating this new prodrug activation strategy had a great
potential in promoting the development of smart cancer
theranostics.

It is well known that targeted drug delivery can increase the
accuracy of cancer treatment. Nevertheless, this active targeting
strategy always has limited tumor penetration, thus the out-
comes of cancer therapy are unsatisfactory.184,185 Wang et al.
developed an extracellular vesicles (EVs)-mediated metabolic
tumor labelling strategy to enhance the tumor penetration
ability of drug delivery systems (Fig. 17a-I).186 Attributed to
the EPR effect and metabolic glycoengineering, nanoscale azide
precursors (Az-NPs) could label perivascular tumor cells with
abundant azide groups. Through the delivery by EVs, the azide-
containing ligands diffused all over the tumor tissues and the
whole tumor region was well labelled. Meanwhile, the post-
injected DBCO-Ce6 prodrug easily penetrated into tumor tissues
to kill cancer cells via PDT. Almost all the 4T1 cells died after the

Fig. 14 (a) CRAIT strategy to realize deep tumor penetration. (I) Illustration of CRAIT strategy. (II) Images of tumor blood vessels in mice at 24 h after
treatment with anti-CD11b-TCO + MSNs-Tz (green: anti-CD11b-TCO; red: MSNs-Tz). (III) Tumor growth curves after different treatments.
(IV) Haematoxylin and eosin (H&E)-staining of main organs after different treatments. Reproduced with the permission from ref. 175. Copyright 2019,
American Chemical Society. (b) Furin-triggered nanodrugs to enhance MRI and tumor therapy. (I) Therapy mechanism of Olsa-RVRR in cells
overexpressing furin. (II) Self-assembly of Olsa-RVRR. (III) Time course of standardized OlsaCEST signal in tumors after different treatments (subtraction
of the MTRasym value at 0 h to acquire standardized OlsaCEST signal). (IV) Normalized tumor size in different groups at day 33 (normalized to PBS group).
Reproduced with the permission from ref. 178. Copyright 2019, Nature Publishing Group.
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treatment with Az-NP/DBCO-Ce6, suggesting Ce6 was firmly
anchored on the cell membrane and generated abundant ROS
to kill tumor cells (Fig. 17a-II). The red fluorescence of Ce6 in the
Az-NPs/DBCO-Ce6 group appeared both in the margin and inter-
ior of avascular regions, but the red fluorescence of control groups
only appeared at the periphery, indicating EVs played a key role
in transporting azide ligands into tumor. This artificial EVs-
mediated targeting strategy offers a novel alternative strategy for

current drug delivery systems to enhance their tumor targeting
ability and penetration.

A theranostic nanoplatform that combines fluorescence
imaging with PTT can ensure precise diagnosis and efficient
treatment of deep-seated tumors. Nevertheless, a light activa-
table nanosystem with both bright fluorescence signal and high
PTT efficiency is difficult to obtain, because fluorescence
emission always competes with photothermal efficiency.187,188

Fig. 15 (a) Cell differentiation-regulated therapeutic strategy to overcome the heterogeneity of CSC. (I) Chemical structures of the components of
ATRA/CPT-NPs. (II) Mechanism of cell differentiation-regulated therapeutic strategy. (III) Cell viability of MCF-7 SP cells after different treatments. (IV) The
number of tumour spheres after different treatments within 12 days (diameter 4 50 mm). (V) Inhibitory ratios of tumors after different treatments.
Reproduced with the permission from ref. 179. Copyright 2021, Springer Nature Limited. (b) Mitochondria-targeted bioorthogonal strategy for prodrug
activation. (I) Mechanism of mitochondria-targeted bioorthogonal strategy and chemical structures of 1,2,4,5-tetrazines derivatives. (II) CLSM images of
cells (above) and one-cell mouse embryos (below) after treatment with TCO-TPP-Reso + Tetrazine 35b or TCO-TPP-Reso + Tetrazine 35i. (III) CLSM
images of cells after treatment with 35i, TCO-TPP niclosamide or TCO-TPP niclosamide + 35i. Scale bar: 10 mm. Reproduced with the permission from
ref. 180. Copyright 2020, American Chemical Society.
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Fan et al. developed a squaraine-based semiconducting poly-
mer, which was decorated with DBCO groups (PSQPNs-DBCO)
to realize accurate fluorescence imaging and high-efficient PTT
treatment (Fig. 17b-I).189 PSQPNs-DBCO emitted an NIR-II
fluorescence at 1290 nm and had a high S/N ratio in living
system. Attributing to the azide/DBCO bioorthogonal click
reactions, PSQPNs-DBCO selectively accumulated in the tumor
tissues, thus significantly improving the efficiency of cancer
theranostics. The major blood vessels of brain, abdomen and
hind limb of mice were easily distinguished from the back-
ground in PSQPNs-DBCO + Ac4ManNAz group, revealing that
PSQPNs-DBCO was an optimal nanoprobe to image vascular
systems (Fig. 17b-II). PSQPNs-DBCO + Ac4ManNAz also induced
the strongest tumor fluorescence and highest tumor inhibition,
firmly confirming bioorthogonal chemistry-guided PSQPNs-
DBCO enhanced the tumor targeting ability of the theranostic
agents. Based on these outstanding in vivo performances, this
NIR II theranostic system has a great potential to realize its
clinical transformation.

Light-gated ion channels can spatiotemporally regulate
cellular activities by optically controlling the transport of ions
across the cell membrane. However, most of the current
strategies are dependent on UV or visible light, thus greatly
limiting their applications in living systems.190,191 Xing et al.
reported an NIR light-initiated strategy, in which neodymium
(Nd3+) doped upconversion nanocrystals (UCNs) were site-
specifically attached on the cell membrane via N3/DBCO
bioorthogonal click reaction to spatiotemporally regulate Ca2+

ion-channel activity (Fig. 18a-I).192 DBCO group was conjugated
onto UCNs, affording DBCO-UCNs which converted 808 nm
NIR light into 480 nm light. Channelrhodopsins-2 (ChR2)
protein could be activated by 480 nm light and realized remote
control of Ca2+ influx. Irradiation with 808 nm light resulted in
a great increase of intracellular Ca2+ in a light dose-dependent
manner in ChR2 + Ac4ManNAz + DBCO-UCNs group (Fig. 18a-II),
indicating the Ca2+ level inside cells was precisely regulated by
NIR light. In zebrafish model, ChR2 + Ac4ManNAz + DBCO-
UCNs group also efficiently regulated Ca2+ ion-channel activity

Fig. 16 Low pH-triggered prodrug activation strategy to enhance the tumor penetrability of nanomedicine. (a) Mechanism of low pH-triggered prodrug
activation strategy. (b) CLSM images of 4T1 MCSs after treatment with ASTNs + CyPVE for 4 h at pH = 6.5 or pH = 7.4. Scale bar: 100 mm. Reproduced with
the permission from ref. 183. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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(Fig. 18a-III) and increased the expression of caspase-3, sug-
gesting this strategy conveniently manipulated the activation of
ion channels and apoptosis in vivo. Hence, this light-gated ion
strategy has great potentials to specifically regulate membrane-
associated physiological processes in living systems.

Although various strategies have been developed to treat
cancer, the evaluation of therapeutic outcomes is always delayed
and invasive.193,194 Liang et al. designed a small molecular NIR
probe Cys(StBu)-Asp-Glu-Val-Asp-Lys(Cypate)-CBT (Cy-CBT) to
evaluate tumor therapeutic effect in real-time (Fig. 18b-I).195

Cy-CBT underwent CBT-Cys condensation and self-assembled
into nanoparticles (CyCBT-NP) in the presence of GSH. Because
of the inter- and intra-molecular quenching effect, the fluores-
cence of Cy-CBT-NP was temporarily quenched, but the photo-
thermal effect of the probe was activated. The caspase 3-induced
cleavage of Asp-Glu-Val-Asp (DEVD) moiety from CyCBT-NP
resulted in the collapse of Cy-CBT-NP and recovery of NIR
fluorescence, which could be used to evaluate the PTT effect of
Cy-CBT-NP. The fluorescence of tumor in Cy-CBT-NP group
gradually increased and the fluorescence intensity had a propor-
tional relationship with irradiation time, demonstrating Cy-CBT-
NP self-evaluated their PTT efficiency via apoptosis-dependent
fluorescence imaging. Compared with control groups, Cy-CBT-NP
+ laser was able to induce severe apoptosis of tumors (Fig. 18b-II),

and its anticancer effect was the most prominent (Fig. 18b-III).
Based on the excellent performances of Cy-CBT-NP, it can realize
simultaneously PTT and real-time self-evaluation of therapeutic
results in clinic.

Superparamagnetic iron oxide nanoparticles (SPIO NPs) have
been used to enhance T2-weighted imaging and improve the PTT
effect via assembly/aggregation for cancer theranostics.196,197

However, SPIO NPs tend to form clusters under physiological
conditions, followed by the rapid clearance by the mononuclear
phagocyte system. Yu et al. designed an Ac-Arg-Val-Arg-Arg-
Cys(StBu)-Lys-CBT probe (36) and then conjugated it onto SPIO
NPs to generate Ac-Arg-Val-Arg-Arg-Cys (StBu)-Lys(SPIO)-CBT
(SPIO@1NPs) which could realize tumor-specific accumulation
(Fig. 19a).198 After endocytosis by furin-overexpressing tumor
cells, the disulfide bond of SPIO@1NPs was reduced by GSH
and the RVRR substrate was cleaved by furin, both of which
initiated CBT-Cys condensation and triggered the formation of
SPIO aggregates. MRI T2 contrast of MDA-MB-468 tumor was
greatly improved after injection of SPIO@1NPs, indicating
T2-weighted imaging of tumors was enhanced by this furin-
triggered aggregation (Fig. 19b). The therapeutic effect of PTT
in SPIO@1NPs group was the highest while its systemic toxicity
was low (Fig. 19c), suggesting tumor-specific accumulation
of SPIO aggregates guaranteed the safety of this therapeutic

Fig. 17 (a) EVs-mediated bioorthogonal strategy to enhance the tumor penetrability of nanomedicine. (I) Illustration of EVs-mediated bioorthogonal
strategy. (II) CLSM images of freezing microtome section of tumors in different groups (green: Alexa Fluors 488-tagged CD31 antibody; red: Ce6). Scale
bar: 50 mm. Reproduced with the permission from ref. 186. Copyright 2020, Elsevier Ltd. (b) 1064 nm-excitable theranostic nanoplatform for NIR-II FI and
PTT. (I) Preparation process of PSQPNs-DBCO. (II) NIR-II fluorescence images of the brain, leg and abdomen of mice in the PSQPNs-DBCO group.
Reproduced with the permission from ref. 189. Copyright 2020, Elsevier Ltd.
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strategy. Based on this furin-triggered intracellular self-aggre-
gation strategy, exogenous SPIO NPs could selectively accumu-
late in tumor and realize MRI-guided PTT for cancer.

Nanovehicles that can undergo size deformation in the
abnormal tumor microenvironment (TME) can pass through
the stroma-dominant penetration barrier and improve the

Fig. 18 (a) UCNs-based bioorthogonal strategy to remote control of cation influx. (I) Mechanism of remote control of cation influx. (II) Flow cytometry
(FCM) analysis of intracellular Ca2+ concentration with different light power. (III) Fluorescence imaging of zebrafish after treatment with DBCO/Cy5.5-
UCNs or PAA/Cy5.5-UCNs with or without NIR light. Scale bar: 400 mm. Reproduced with the permission from ref. 192. Copyright 2017, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) Reduction-triggered bioorthogonal strategy to self-evaluate anticancer effect. (I) Mechanism of reduction-
triggered bioorthogonal strategy. (II) TUNEL staining of tumor from mice sacrificed at 24 h after treatment with Cy-CBT-NP + laser. (III) Tumor volume
curves of mice bearing HeLa tumor in different groups. Scale bar: 50 mm. Reproduced with the permission from ref. 195. Copyright 2020, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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effective concentration of therapeutic agents in deep tumor
tissue. Nevertheless, merely circumventing TME barriers in the
process of drug delivery is inadequate, because TME can
nourish residual tumor cells to promote their metastasis, thus
leading to the failure of cancer therapies. Min et al. developed a
nanoframework (T-PFRT) composed of a therapeutic module
and a TME-normalizing module to remodel TME.199 Zinc
phthalocyanine photosensitizer was encapsulated in the ferri-
tin nanocage (PFRT) to construct the therapeutic module, and
stroma-remolding inducer (iTGFb) and oxygen supplier hemo-
globin (Hb) were encapsulated in the cavity of lipid-covered
dendritic mesoporous silica nanoparticles (DMSN-L) to estab-
lish the TME-normalizing modules. A peptide linker sensitive
to matrix metalloproteinase 2 (MMP2) was utilized to conjugate
DMSN-L (B100 nm) with PFRT (B12 nm), forming a ‘‘core–
satellite’’ structure (Fig. 20a-I). In the TME where MMP2 over-
expressed, T-PFRT liberated small PFRT for PDT. Meanwhile,
the synergistic effect of Hb-enhanced oxygen supply and iTGFb-
induced excessive extracellular matrix (ECM) depletion
remolded TME, overcoming the obstacles of hypoxia and
stroma. The TME normalization further facilitated deep pene-
tration of small PFRT, thereby improving the performance of
PDT in deep tumor tissues. Compared with control groups,
DMSN-PFRT showed deeper penetration, indicating the intro-
duction of stroma remodeling agents eliminated the ECM
obstacles in the process of drug delivery (Fig. 20a-II). DMSN-
PFRT also showed higher oxygen delivering capacity under
hypoxic conditions, suggesting the anoxic condition of tumor
could be improved. T-PFRT could significantly inhibit the

growth and metastasis of tumor cells (Fig. 20a-III–VI) in vitro
and in vivo. Through delicate design, this core–satellite nano-
framework can be developed into other therapeutic systems to
realize TME remolding-facilitated disease treatment.

Radiodynamic therapy (RDT) with the ability to transform
X-rays to UV-visible light for PDT is an emerging therapeutic
method to overcome the defects of the traditional radiotherapy
(RT) and PDT, such as the unfocused energy of RT and the
restricted penetration depth of PDT. Nanoscale metal organic
frameworks (NMOFs) established from high-Z ions and photo-
sensitizers (PSs) can conduct the energy of X-rays to PSs to
realize RDT. However, the reported NMOFs have some ineluct-
able drawbacks such as ACQ effect, low singlet oxygen produc-
tion and no fluorescent tracking. Liu et al. used an AIE PS and
hafnium ions (Hf4+) to construct a NMOF (Hf-AIE) to realize
synergistic RDT and RT.200 To increase the biocompatibility,
Hf-AIE core was decorated with lipid to form Hf-AIE-PEG (Fig. 20b-I).
DBCO/N3 bioorthogonal reaction and metabolic glycoengineering
promoted the tumor accumulation of nanomedicine. The fluores-
cence of cells in Hf-AIE-PEG-DBCO + Ac4ManNAz group was distinct
and overlapped well with the cell membrane (Fig. 20b-II), suggesting
Hf-AIE-PEG-DBCO nanoparticles were successfully anchored on
the surface of N3-labelled tumor cells through bioorthogonal
reaction. The accumulation of Hf-AIE-PEG-DBCO in tumors
pretreated with Ac4ManNAz was higher than control groups
(Fig. 20b-III), revealing that click chemistry enhanced tumor
accumulation of Hf-AIE-PEG-DBCO. Attributing to the deep
tissue penetration of X-ray, the anticancer efficacy of Hf-AIE-
PEG-DBCO + Ac4ManNAz + X-ray group was also satisfactory even

Fig. 19 Furin-triggered Fe3O4 nanoplatform to enhance T2-weighted MRI and PTT in vivo. (a) Mechanism of MRI and PTT of furin-triggered Fe3O4

nanoplatform. (b) Time course S/N ratio change of tumors from mice treated with SPIO@36NPs or SPIO NPs in different groups. (c) Tumor volume curves
of mice in different groups. Reproduced with the permission from ref. 198. Copyright 2020, The Royal Society of Chemistry.
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a 3 mm lean pork covered on the tumor (Fig. 20b-IV). Notably,
there was no obvious organ damage and detectable body weight
change (Fig. 20b-V), indicating the excellent biosafety of Hf-AIE-
PEG-DBCO. Based on these results, this bioorthogonal AIE
NMOF has great potentials in treating deep tumor through the
synergistic RDT and RT.

3.3 Metal-free click chemistry for cancer immunotherapy

The pretargeted radioimmunotherapy (PRIT) is a multistep
strategy which delivers high dose of radioactive therapeutics

to tumors but low dose to normal tissues.201,202 Quinn et al.
designed two kinds of tetrazine-based chelators (DOTA-PEG10-
tetrazine and TCMC-Bn-SCN-PEG10-tetrazine) and investigated
their radiolabelling efficiency in 212Pb a-particle involved PRIT
(Fig. 21a-I).203 A mouse monoclonal antibody (mAb), CC49, was
conjugated with TCO groups to give rise to a pretargeting
molecule (CC49-TCO). PRIT strategy consisted of three steps:
(1) pretargeting CC49-TCO; (2) injecting clearing agent;
(3) injecting 212Pb-DOTA-Tz (Fig. 21a-II). As expected,
212Pb-DOTA-Tz efficiently suppressed the tumor growth in a

Fig. 20 (a) Size transformable nanoframeworks to enhance PDT. (I) The composition of nanoframework T-PFRT. (II) Penetrability analysis of DMSN-
PRFT with or without MMP2-cleavable peptide linkage in 3D tumor spheroid model. (III) Cell viability of 4T1 cells treated with different concentrations of
T-PFRT. (IV) Migration of 4T1 cells after different treatments (G0: control group, G1: iTGFb, G2: iTGFbDMSN-L, G3: iTGFbDMSN-PFRT). (V) Tumor growth
curves of mice after different treatments (G1: PBS; G2: T-PFRT without laser irradiation; G3: DMSN-PFRT (w/o pep) with laser irradiation; G4: DMSN-PFRT
with laser irradiation; G5: iTGFbDMSN-PFRT with laser irradiation; G6: OxyHbDMSN-PFRT with laser irradiation; G7: T-PFRT with laser irradiation). (VI)
Images of lung nodule metastases of mice in different groups. Scale bar: 200 mm. Reproduced with the permission from ref. 199. Copyright 2021, Wiley-
VCH Verlag GmbH & Co. KGaA. (b) Bioorthogonal AIE nanomedicine to realize RT and RDT. (I) Preparation route of Hf-AIE-PEG. (II) CLSM images of 4T1
cells pretreated with Ac4ManNAz followed by Hf-AIE-PEG-DBCO. (III) Biodistribution of Hf-AIE-PEG-DBCO in mice at 1 day or 3 day post-injection (T1
and T2 are tumors without and with Ac4ManNAz pretreatment. Li: liver, Sp: spleen, Ki: kidney, H: heart, Lu: lung, St: stomach, In: intestine). (IV) Tumor
growth curves of mice in different groups. (V) Body weight change of mice in different groups. Scale bar: 25 mm. Reproduced with the permission from
ref. 200. Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA.
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dose-dependent manner and greatly improved the survival
rate. Although high dose of 212Pb-DOTA-Tz (such as 7.40 MBq)
caused acute radiation toxicity, it was safe at low dose. This
212Pb a-particle-involved PRIT strategy is a good example to
promote the development of PRIT.

It is well known that tumor cells can be killed by T cells via
cell surface recognition.204,205 However, the heterogeneity of
receptors on the surface of tumors and the low affinity between
T cells and tumor cells always result in the low therapeutic
efficacy and severe off-target effect. Cai et al. reported a target-
ing strategy to enhance the recognition between T cells and
tumor cells (Fig. 21b-I).206 In this targeting strategy, comple-
mentary bioorthogonal moieties (azide group and BCN group)
were separately anchored on the surface of T cells and tumor
cells via glycolmetabolic process. Attributing to the bioortho-
gonal click reactions, BCN-tumor cells firmly connected with
the N3-T cells, promoting the recognition ability of T cells
toward tumor cells and activating T cells. When N3-T cells
and BCN-Raji cells moved closely, they immediately bound
together and called up more cells to form a big cell cluster,
indicating that fast bioorthogonal reactions on cell surface
promoted the migration and adhesion of T cells to tumor cells
(Fig. 21b-II). After co-incubation with N3-T cells, the survival
rate of BCN-Luci-Raji cells decreased by nearly 60%, suggesting
bioorthogonal reactions on cell surface also enhanced immune
cytotoxicity against tumor cells (Fig. 21b-III). In addition, N3-T
cells incubated with BCN-Raji cells produced multiple cytokines,
such as TNF-a, interleukin-2 (IL-2) and interferon-g (IFN-g),

suggesting bioorthogonal reactions effectively activated T cells.
This universal bioorthogonally glycometabolic labelling strat-
egy not only expands applications of T cell immunotherapy but
also offers a new and robust method to modify T cell.

In a similar work, Cai et al. utilized the chimeric antigen
receptor-T (CAR-T) cell engineering strategy to improve curative
results and decrease the side effects of clinical adoptive transfer
of CAR-T cells (Fig. 22).207 CAR-T cells and tumor cells were
respectively anchored with N3- and BCN-groups via the Ac4Gal-
NAz and Ac4ManNBCN-mediated metabolic glycoengineering.
Benefitng from bioorthogonal click chemistry, N3/BCN groups
on the cell surfaces strengthened the recognifition interactions
between CAR-T cells and tumor cells, leading to the deep
penetration, increased accumulation and homing of CAR-T
cells in tumor tissues. All these advantages jointly improved
the therapeutic effect for solid tumor. This strategy holds a
great potential to improve the curative effect of clinical CAR-T
immunotherapy and avoid side effects in patients.

CAR-T therapy has shown great success in blood cancer, but
its availability in solid tumors is limited due to the hostile
microenvironment of solid tumors. Cai et al. developed a
nanoengineered CAR-T strategy to improve the efficacy of solid
tumor therapy (Fig. 23a).208 Indocyanine green nanoparticles
(INPs) that served as a photosensitizer were conjugated onto
CAR-T cells to generate CAR-T biohybrids (CT-INPs). Under NIR
laser irradiation, CT-INPs destroyed the extracellular matrix,
expanded blood vessels, loosened compact tissue, and stimulated
chemokine secretion without weakening CAR-T cell activities.

Fig. 21 (a) Pretargeted radioimmunotherapy mediated by bioorthogonal cycloaddition chemistry. (I) Structures of bioorthogonal reagents.
(II) Mechanism of pretargeted radioimmunotherapy. Reproduced with the permission from ref. 203. Copyright 2017, American Chemical Society.
(b) Bioorthogonal T cell-targeted strategy to enhance anticancer effect. (I) Synthetic route of Ac4ManN-BCN and the mechanism of T cell-targeted
strategy. (II) Time-lapse CLSM images of cocultured Raji cells and T cells treated with or without Ac4GalNAz (Ac4ManN-BCN) (T cell with green
fluorescence stained by anti-CD3; Raji cells with no fluorescence). (III) Cytotoxicity of N3-T cells against BCN-Luci-Raji cells (fluorescence intensity of
luciferase is proportional to the survival rate of Raji cells; the concentration of Ac4ManNBCN: 10 or 20 mm). Scale bar: 15 mm. Reproduced with the
permission from ref. 206. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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These immune-favorable tumor microenvironments enhanced
the infiltration and recruitment of CT-INPs and boosted CAR-T
immunotherapeutic outcomes. This tumor microenvironment-
remodelling CAR-T strategy provides reliable treatment guidance
for solid tumor immunotherapy.

Due to the immune recognition receptors on the T cell
surfaces, T cell membranes are promising targets for nanodrug
carriers. Nevertheless, this single targeting strategy usually has
low therapy efficacy owing to the heterogeneity of tumors.
Cai et al. developed a dual-targeting strategy to enhance the

Fig. 22 Click CAR-T cell engineering strategy to improve tumor immunotherapy. Reproduced with the permission from ref. 207. Copyright 2020,
Elsevier Ltd.

Fig. 23 (a) Nanoengineered CAR-T biohybrids to improve tumor immunotherapy. Reproduced with the permission from ref. 208. Copyright 2021,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) T cell mimicking dual-targeting nanomedicine to enhance PTT effect. Reproduced with the
permission from ref. 209. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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tumor accumulation of nanomedicines (Fig. 23b).209 With
the assistance of metabolic glycoengineering, N3 and BCN
modified unnatural monosaccharide precursors incorporated
N3 and BCN groups onto surfaces of T cells and tumor cells
respectively, to overcome the low therapy efficacy of single
targeting strategy. INPs wrapped with N3 anchored T cell
membrane (N3-TINPs) could specifically target BCN receptors
and natural antigens on tumor surfaces via bioorthogonal
reactions and immune recognition. As expected, N3-TINPs not
only brightly lit up tumors but also greatly increased the PTT
effect of tumors. Hence, this T cell mimicking dual-targeting
nanomedicine provides a new alternative targeting strategy to
improve the therapy efficacy of PTT.

Chemical tools have been used to expand the functions
of antibodies, such as cytotoxicity and molecular imaging
capability. Recently, it is reported that changing the physical
properties of antibodies can bring unique properties to anti-
bodies.210,211 Urano et al. used bioorthogonal click reactions on

the surface of cells to induce surface-antibody aggregation, thus
changing the functionalities and behaviors of antibodies
(Fig. 24a-I).212 A series of clickable antibody linkers (AbCs) were
constructed, in which BCN-, Tz- or methyltetrazine (MTz-) were
conjugated onto N-hydoxysuccinimidyl ester (a site for protein
labelling) via different length of PEG linkers (Fig. 24a-II). In the
circulation medium, the click reactions between antibodies
was adequately slow but became fast on the cell surfaces, so
cross-linking reactions on cell surfaces were initiated. In HER2-
expressing SKBR3 and trastuzumab system, cell growth was
promoted (Fig. 24a-III), suggesting intracellular growth signal-
ing was activated. Meanwhile, nuclear phospho-ERK signa-
ling was also activated after antibody clicking (Fig. 24a-IV),
demonstrating that the aggregation of antibodies caused
the condensation of surface acceptors and triggered cross-
phosphorylation. It is believed that this methodology can serve
as a synthetic biology tool to regulate cellular fate in the future
experimental and clinical stages.

Fig. 24 (a) Bioorthogonal strategy to alter the functionalities of antibody. (I) Illustration of antibody cross-linking on the cell surface. (II) Structures of
bioorthogonal reagents. (III) Viability assay of SKBR3 cells after treatment with MTzL or MTzL/BCNL for 48 h. (IV) Signal path of cell growth activated by
antibody cross-linking. Reproduced with the permission from ref. 212. Copyright 2020, American Chemical Society. (b) Bioorthogonal strategy to
regulate DCs. (I) Mechanism of DCs regulation. (II) Percentage of E7 tetramer+ cells (left) and IFN-g+ cells (right) among CD8+ T cells in PBMCs at day 16.
(III) Tumor volume curves of mice in different groups. (IV) Survival curves of mice in different groups. Reproduced with the permission from ref. 215.
Copyright 2020, Springer Nature Limited.
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Dendritic cells (DCs) are crucial targets for tumor immu-
notherapies. DCs have been labelled by fluorescent dyes or
radioelements to investigate their distribution,213,214 but DCs-
specific labelling in situ followed by targeted immune modula-
tion has not been reported. Mooney et al. used bioorthogonal
reactions to conjugate DBCO-bearing immunomodulatory
agents onto azide-labelled DCs to activate T cell and enhance
immunotherapy (Fig. 24b-I).215 Granulocyte-macrophage
colony-stimulating factor (GM-CSF) and poly(azido-sugar)40

(G400 NP) were simultaneously encapsulated in the biocompa-
tible alginate gel to concentrate and bioorthogonally label DCs.
The azide-labelled DCs specifically delivered DBCO-bearing
immunomodulatory agents (cytokines, tumor antigens and
adjuvants) towards T cells, thus DC-T cell interactions and T
cell priming were activated, which enhanced tumor immu-
notherapy. Compared with control groups, a higher number
of IFN-g+ CD8+ T cells and E7 tetramer+ CD8+ T cells were
detected in DC/LNs-targeted cancer vaccine group (Fig. 24b-II),
suggesting this DC/LNs-targeted strategy enhanced the vaccine
effect. DC/LNs-targeted vaccine also efficiently suppressed
tumor growth (Fig. 24b-III) and acquired the longest survival
time (Fig. 24b-IV), indicating this strategy elicited good immu-
notherapy effect. As a result, this strategy could concentrate,
label and track DCs to enhance DC-T cell interactions and boost
the therapeutic effect of immunotherapy.

Because symbiotic stroma cells, such as tumor regulatory T
cells (Treg) and macrophages, play important roles in tumor
progression, regulating their functionalities in the TME is an
important step in cancer immunotherapy. Through TME
immunomodulation, macrophage polarization (M2 to M1)
can be induced and abundant intratumoral H2O2 can be
generated. The increased H2O2 triggers the occurrence of the
Fenton reaction,216,217 which can liberate antigens and activate
the immunomodulatory response. Based on these ideas, Xie
et al. constructed a biomimetic magnetosome (Pa-M/Ti-NC) to
realize the synergism of immunomodulation and ferroptosis
for cancer therapy (Fig. 25a-I).218 In magnetosome system,
Fe3O4 magnetic nanoclusters (MNCs) consisted of a magnetic
core and a N3-labelled leukocyte membrane. TGF-b inhibitor
(Ti) was loaded in the leukocyte membrane and PD-1 antibody
(Pa) was bioorthogonally anchored on the N3-labelled
membrane surface. In tumor tissues, Pa and Ti collectively
created an immunogenic TME and induced the production of a
great deal of H2O2. The increased H2O2 promoted the Fenton
reaction and the generation of ROS. ROS initiated the lethal
ferroptosis of tumor cells and triggered the release of tumor
antigens, which in turn improved the immunogenicity of TME.
The ratios of CD4+/Treg, CD8+/Treg and M1/M2 were greatly
induced (Fig. 25a-II), and high level of H2O2 was detected
(Fig. 25a-III) in the Pa-M/Ti-NC(m) group, suggesting the joint
inhibition of Pa and Ti indeed created an immunogenic TME.
Pa-M/Ti-NC(m) also completely suppressed tumor growth
(Fig. 25a-IV) and led to a 50-day lifetime, suggesting the
engineered magnetosomes had superior therapeutic perfor-
mance as well as better biocompatibility. Excellent antitumor
and antimetastatic performance were also achieved on a

metastatic tumor model (Fig. 25a-V), consolidating the superior
therapeutic capacity of Pa-M/Ti-NC(m). No recurrence was
observed (Fig. 25a-VI) during the therapeutic period, indicating
the immunological memory effect was induced by Pa-M/
Ti-NC(m) (Fig. 25a-VII). All of these results support that bio-
mimetic magnetosomes can act as promising nanomedicines
to safely and effectively fight against cancer.

The increasing knowledge of oncology and immunology has
greatly promoted the development of versatile cancer vaccines.
However, owing to the existence of efferent lymphatic vessels,
vaccines easily flow out from lymph nodes, decreasing their
presenting efficiency to antigen-presenting cells (APCs). The
released antigens in APCs are always presented and processed
with the major histocompatibility complex (MHC) II, meaning
humoral immunity is mainly activated, but not for cellular
immunity.219,220 Xie et al. developed a biomimetic magneto-
some as an effective cancer nanovaccine (A/M/C-MNC) to
enhance their presenting efficiency and cellular immunity
(Fig. 25b-I).221 With the help of electrostatic interactions, Toll-
like receptor (TLR) agonists CpG-ODN (C) were adsorbed on the
core of Fe3O4 MNCs, generating C-MNC. Then N3-anchored
cell membranes (M) were covered on the C-MNC, forming
M/C-MNC. At last, DBCO-labelled anti-CD205 (A) was conju-
gated onto M/C-MNC via N3/DBCO click reaction, leading to the
formation of A/M/C-MNC. Owing to the superparamagnetism of
Fe3O4 MNCs and antibody anchored membrane decoration,
significant T cell proliferation with superior cytotoxic activity
and clonal diversity could be achieved. Compared with other
immune cells, the uptake of A/M/C-MNC in CD8+ DCs was the
highest (Fig. 25b-II), indicating A/M/C-MNC nanovaccines were
preferentially internalized by CD8+ DCs, which promoted the
main MHC I cross-presentation. Furthermore, enhanced T cell
division (Fig. 25b-III) and long lymph node retention time
(4 weeks) were achieved (Fig. 25b-IV) in the A/M/C-MNC(m)
group, suggesting the superparamagnetism of Fe3O4 MNCs was
necessary for tumor elimination. The engineered nanovaccines
displayed excellent anticancer and prognosis effects on five
different tumor models, suggesting the anticancer immuno-
competence was greatly activated by A/M/C-MNC. An over
80-days lifetime and a 100% survival rate were observed in
different tumor models, suggesting the safety of the nano-
vaccines was high. Encouraged by these satisfactory results,
the engineered magnetosomes can be considered as an ideal
cancer vaccine with high safety for tumor therapy.

Because of the homology, exosomes can mimic the func-
tions of their parent cells for cancer therapy.222,223 However, the
therapeutic outcomes of exosomes in vivo are always unsatis-
factory. Xie et al. developed a pH-responsive dual-targeting
exosome (M1 Exo-Ab) to enhance the immunotherapy of
tumors (Fig. 26a-I).224 Based on bioorthogonal reactions, anti-
signal regulatory protein alpha (aSIRPa) and anti-CD47 anti-
body (aCD47) were anchored onto M1 macrophage exosomes
(M1 Exo) via a pH-responsive benzoic-imine bond, generating
M1 Exo-Ab. Attributing to the targeting function of aCD47, M1
Exo-Ab selectively accumulated in CD47-overexpressing tumor
cells. The low pH in tumor sites cleaved the benzoic-imine
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bond of M1 Exo-Ab to release aCD47 and aSIRPa, which
subsequently blocked their corresponding receptors on macro-
phages or tumor cells respectively. As a result, tumor cells sent
out ‘‘eat me’’ signals to macrophages to improve the cytophagy
efficiency. Meanwhile, the native M1 Exo were able to repro-
gramme protumoral M2 macrophages into anti-tumoral M1
macrophages, further improving the anticancer efficacy of M1
Exo-Ab. Large numbers of 4T1 tumor cells were phagocytized by
M2 macrophages in the M1 Exo-Ab group (Fig. 26a-II), suggest-
ing M1 Exo-Ab was able to induce macrophage polarization.
The antitumor efficacy of M1 Exo-Ab was also the best, and
no lung metastasis and a high survival rate were acquired
(Fig. 26a-III), demonstrating the high safety of M1 Exo-Ab for
cancer immunotherapy. Because this synergistic strategy can
be applied to various exosomes/ligands systems, a universal
exosome-based platform for cancer immunotherapy can be
constructed.

Owing to the immunosuppressed tumor microenvironment,
the efficacy of immunotherapy is usually low. M2 type macro-
phages and microglia that support angiogenesis, tumor growth
and immunosuppression, are the dominating ringleaders for
the ‘‘cold’’ tumor microenvironment. Hence, reprogramming
the phenotype of macrophages and microglia from M2 type
to M1 type has a potential to break through the predicament
of immunotherapy. Zhang et al. designed an erythrocyte
membrane-cladded nucleic acid nanogel (Vir-Gel) which was
decorated with M2pep and HA2 peptides to remold the pheno-
type of immune cells and improve the effect of immunotherapy
(Fig. 26b-I).225 With the help of M2pep and HA2 peptides,
Vir-Gel could target to M2-macrophage and microglial cells.
Then, miR155 was released from Vir-Gel under the catalysis of
ribonuclease H (RNase H) and remodeled M2 immune cells to
M1 type. Compared with control groups, Vir-Gel showed the best
uptake efficiency (Fig. 26b-II), demonstrating that membrane

Fig. 25 (a) Biomimetic magnetosomes to enhance immunotherapy of cancer. (I) Mechanism of magnetosomes-based immunotherapy strategy.
(II) Immunofluorescence images of tumor tissues after treatment with Pa-M/Ti-NCs(m). Scale bar: 100 mm. (III) CLSM images of hydroxyl radical (green) in
tumor tissues after treatment with PBS or Pa-M/Ti-NCs(m). Scale bar: 10 mm. (IV) Tumor volume curves of Pa-M/Ti-NC(m) group and the representative
tumor photograph. (V) Tumor volume curves of Pa-M/Ti-NC(m) group and the representative CT images of bone metastasis and lung metastasis.
(VI) Tumor volume curves of Pa-M/Ti-NC(m) group. (VII) Percent of mature DCs in primary tumors and TEM cells in the spleen of mice after different
treatments. Reproduced with the permission from ref. 218. Copyright 2019, American Chemical Society. (b) Engineered magnetosomes for efficient
cancer vaccination. (I) Mechanism of A/M/C-MNC-initiated cellular immune responses. (II) Fluorescence images of mouse lymph node after treatment
with DiD-labeled M/C-MNC and A/M/C-MNC. (III) Immunohistochemical analysis of Ki67 expression in mouse lymph node (blue: DAPI; red: secondary
antibody of Ki67). (IV) Proliferation analysis of cytotoxic T lymphocytes for 4 weeks after different treatments. Reproduced with the permission from
ref. 221. Copyright 2019, American Chemical Society.
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coating and peptides decoration increased the cellular uptake of
Vir-Gel. Meanwhile, the iNOS signal related to M1 type in M2-type
BV-2 cells treated with Vir-Gel was improved (Fig. 26b-III), sugges-
ting the ability of Vir-Gel to remodel immune cells. The amount of
M2 immune cells in tumors in Vir-Gel group was remarkably
decreased (Fig. 26b-IV), demonstrating Vir-Gel also efficiently
remodeled immune cells in vivo. Due to the effective delivery
capability and noninvasive feature, this virus-biomimetic nucleic
acid nanogel provides a new direction for the development of
tumor immune agents.

LNs contain abundant APCs and lymphatic endothelial cells
(LECs) which are ideal target cells for immunotherapeutic
drugs, hence direct LN targeting strategy may be a promising
approach to improve immunotherapy. Nie et al. developed a
click chemistry-based active LN accumulation system (ALAS)
to improve the accumulation of cancer vaccines in LNs and
enhance tumor immunotherapy (Fig. 27a).226 Under the

albumin hitchhiking mechanism, azide groups were anchored
on LECs, forming N3-LECs. OVA257–264 peptide (a model CD8+

T-cell epitope antigen) and poly(I:C) (a TLR agonist) were
encapsulated in DBCO-conjugated liposomes (DL), generating
DL-O/IC vaccine. With the help of N3/DBCO click reaction,
DL-O/IC was specifically guided to LECs to improve tumor
immunotherapy. Compared with control groups, DL-O/IC
induced the highest levels of CD40+/CD80+/CD86+ BMDCs,
SIINFEKL-H-2Kb+ cells, TNF-a and IL-6 expression (Fig. 27b),
suggesting ALAS-based vaccines could be internalized by BMDCs
and initiate antigen presentation and immune response. ALAS
vaccine also efficiently inhibited metastasis (Fig. 27c) and sup-
pressed the primary tumor growth (Fig. 27d), suggesting that
ALAS vaccines could induce an impressive anticancer immune
reaction in vivo. A high survival rate (Fig. 27e) and a long lifetime
were also acquired in the ALAS vaccine group, indicating the
adverse effect of ALAS vaccine was low. Being able to load other

Fig. 26 (a) Engineered exosomes for cancer immunotherapy. (I) Mechanism of M1 Exo-Ab-based immune synergy effect. (II) CLSM images of Arginase-1
expression in M2 macrophages after different treatments (1: pristine M2; 2: M2 treated with M1 Exo; 3: M2 treated with M1 Exo-Ab). (III) Tumor volume
curves and survival curves after different treatments. Scale bar: 100 mm. Reproduced with the permission from ref. 224. Copyright 2020, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) A virus-like nucleic acid nanogel to enhance glioblastoma therapy. (I) Mechanism of glioblastoma
immunotherapy of Vir-Gel. (II) FCM analysis of M2-type BV-2 cells after different treatments. (III) CLSM images of CD206 (M2 phenotype marker) and
iNOS (M1 phenotype marker) expression in M2-type BV-2 cells after different treatments. (IV) Quantity analysis of M1 microglia and macrophages in
tumors after different treatments. Scale bar: 20 mm. Reproduced with the permission from ref. 225. Copyright 2021, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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versatile antigen peptides, ALAS vaccine provides a powerful
platform for personalized cancer immune therapy.

4. Conclusions

In this review, a majority of fantastic research about metal-free
bioorthogonal click chemistry in cancer theranostics have been
summarized. Characterized by fast rate, high yield, non-
poisonous by-product and aqueous reaction system, click
chemistry can be introduced into living system without inter-
ference from surrounding environment.227–231 As an excellent
partner of bioorthogonal chemistry, metabolic glycoengineer-
ing can anchor different chemical groups (such as –N3, –SH and
–CO–) onto the glycan backbone via inherent biosynthetic
pathways.232–234 The common unnatural monosaccharides
applied in metabolic glycoengineering are usually glucosamine,

galactosamine and mannosamine.235–241 The bioorthogonal
glycometabolic labelling strategy242–246 can overcome the non-
specific drug activation and limited tumor penetrability in
traditional nanomedicines. Specifically, bioorthogonal groups
can be firstly implanted on the targeting cell surface via
metabolic glycoengineering, followed by the administration of
prodrugs with complementary groups. After circulation, pro-
drugs rapidly react with the pretargeted bioorthogonal groups
and are activated in situ. To enhance tumor penetrability of
nanomedicines, two bioorthogonal methodologies are always
employed. One is the construction of size-controllable macro-
molecular prodrugs which can be peeled into small nano-
particles in the tumor-specific microenvironment, such as low
pH, redox and hypoxia.247–252 Because the small sized nanome-
dicines can easily reach the corners of tumor tissues and can be
effectively phagocytized by tumor cells, they can significantly
promote the final therapeutic performances. Another methodology

Fig. 27 (a) Therapy mechanism of LNs-targeted cancer vaccine. (b) FCM analysis of CD80+ and CD86+ cells and ELISA assay of cytokines (IL-6 and
TNF-a) after different treatments. (c) The pictures of lung metastatic nodules in different groups. (d) Tumor growth curves of mice in different groups.
(e) Survival curves of mice in different groups. Reproduced with the permission from ref. 226. Copyright 2021, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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is to utilize the tumor-targeted properties of immune cells, such
as DCs and T cells.253–257 As the key intermediaries of adaptive
immune responses, DCs and T cells are important targets for
cancer immunotherapies.258–262 Through bioorthogonally glyco-
metabolic labelling strategy, immunomodulatory agents, such as
antibodies, cytokines and vaccines, can be firmly anchored onto
the surface of immune mediators and delivered to the T cells or
tumor cells to stimulate a strong adaptive or cellular immune
response for tumor inhibition.

Although bioorthogonal chemistry has brought tremendous
progresses in cancer theranostics, there are still a number of
challenges to be addressed. For example, in order to acquire
high S/N signals or substantial drug concentration, high
concentration of bioorthogonal agents is needed in target
sites.263–267 However, due to the shortage of targeting groups
or stimuli-responsiveness, most of the current bioorthogonally
glycometabolic labelling strategies hardly ensure high concen-
tration of bioorthogonal agents in tumor cells, so poor thera-
nostic results and severe organ damage may be observed. In the
following work, the concept of ‘‘enrichment triggered release’’
should be kept in mind to reduce the premature drug release in
the drug delivery.268–270 In metabolic glycoengineering, unna-
tural monosaccharides with various click groups can be
inserted into glycans on cell membrane. However, due to their
fast metabolism, the half-life of these glycans is always short.
For the long-time tracking of biological processes, this strategy
is unserviceable. Hence, exploring new metabolic precursors
and discovering the alternative way to prolong the half-life of
glycans are urgently needed in near future. As a two-component
approach, there are lots of key factors about bioorthogonally
glycometabolic strategies needed to be considered, such as
pharmacokinetic profile, stability, effective concentration,
off-target effect and safety profile. Besides, the delayed time
between the first and second components is undoubtedly
another important factor. While the sorts of bioorthogonal
chemistry have rapidly expanded recent years, there is still an
urgent need for the new bioorthogonal reagents, especially
those that can be directly used in vivo. Machine learning
(ML), a vital component in artificial intelligence (AI), has been
applied in many fields, such as drug discovery, cheminfor-
matics and bioinformatics. With the fast development of
organic chemistry, materials science and biomedical sciences,
smart bioorthogonal reagents will spring up and provide vast
amounts of data for ML. Meanwhile, ML will make accurate
rules to guide the design of bioorthogonal reagents, greatly
reducing cost and boosting efficacy.

Recently, bioorthogonal click chemistry has also been inge-
niously utilized in the fields of mRNA and microneedle (MN).
For example, the 50-cap273,274 and m6A275 of eukaryotic mRNA
were modified by bioorthogonal click chemistry to modulate
cellular biological functions. Fluorescent labeling of the
50-cap276,277 and the poly(A) tail278 of eukaryotic mRNA with
the aid of bioorthogonal click chemistry not only realized the
detection and localization of defined RNA strands inside living
cells but also enhanced their translation. MN patches, as
representative painless transdermal drug delivery systems, have

been utilized for many different biomedical applications. The
combination of MN and bioorthogonal click chemistry can
realize an in situ activation of diagnosis and treatment
and avoid organ toxicity, having a great application prospect
in the development of anticancer agents.279 With the increasing
combination of advanced technology and bioorthogonal click
chemistry, it is believed that more breakthrough in cancer
theranostics will be realized, and more smart cancer nano-
medicines will be approved in clinic in the near future.
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EPR effect Enhanced permeability and retention effect
CuAAC Copper-catalyzed azide–alkyne cycloaddition
SPAAC Strain-promoted azide–alkyne cycloaddition
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TEC Thiol–ene coupling
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FI Fluorescence imaging
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PAI Photoacoustic imaging
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RI Raman imaging
PDT Photodynamic therapy
PTT Photothermal therapy
S/N High signal to noise
Aha Azidohomoalanine
Ac4ManNAz Tetraacetylated N-azidoacetyl-d-mannosamine
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FRET Fluorescence resonance energy transfer
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cycloaddition
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HDAC Histone deacetylase
CTSL Cathepsin L
ATTACK Click chemistry-based tissue active targeting

strategy
ADCs Antibody–drug conjugates
Me2Tz 3,6-Dimethyl-1,2,4,5-tetrazine
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CCR Cyclization and release
TNF-a Tumor necrosis factor-a
ALT Alanine aminotransferase
ETR Enrichment-triggered release
ADRs Adverse drug reactions
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TBET Through-bond energy transfer
CRAIT Click reaction-assisted immune cell targeting
MDR Multidrug resistance
CSCs Cancer stem-like cells
ATRA All-trans retinoic acid
CPT Camptothecin
HIF-1a Hypoxia-inducible factor-1a
MCSs Multicellular spheroids
EVs Extracellular vesicles
UCNs Upconversion nanocrystals
ChR2 Channelrhodopsins-2 protein
SPIO NPs Superparamagnetic iron oxide nanoparticles
TME Tumor microenvironment
ECM Excessive extracellular matrix
RDT Radiodynamic therapy
RT Radiotherapy
NMOFs Nanoscale metal organic frameworks
PSs Photosensitizers
PRIT Pretargeted radioimmunotherapy
IL-2 Interleukin-2
IFN-g Interferon-g
CAR-T Chimeric antigen receptor-T cell
DCs Dendritic cells
Treg Tumor regulatory T cells
APCs Antigen-presenting cells
TLR Toll-like receptor
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aSIRPa Anti-signal regulatory protein alpha
aCD47 Anti-CD47 antibody
RNase H Ribonuclease H
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S. Bräse, Chem. Soc. Rev., 2011, 40, 4840–4871.

84 S. S. van Berkel, M. B. van Eldijk and J. C. M. van Hest,
Angew. Chem., Int. Ed., 2011, 50, 8806–8827.

85 C. Bednarek, I. Wehl, N. Jung, U. Schepers and S. Bräse,
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H. Fulka, M. Dračı́nský and M. Vrabel, JACS Au, 2021, 1,
23–30.

181 S. N. Ekdawi, D. A. Jaffray and C. Allen, Nano Today, 2016,
11, 402–414.

182 F. Seidi, R. Jenjob and D. Crespy, Chem. Rev., 2018, 118,
3965–4036.

183 Y. S. Dong, Y. L. Tu, K. W. Wang, C. F. Xu, Y. Y. Yuan and
J. Wang, Angew. Chem., Int. Ed., 2020, 59, 7168–7172.

184 R. Tong and D. S. Kohane, Annu. Rev. Pharmacol. Toxicol.,
2016, 56, 41–57.

185 Q. H. Sun, Z. X. Zhou, N. S. Qiu and Y. Q. Shen, Adv. Mater.,
2017, 29, 1606628.

186 Y. L. Tu, Y. S. Dong, K. W. Wang, S. Shen, Y. Y. Yuan and
J. Wang, Biomaterials, 2020, 259, 120298.

187 K. Y. Pu, J. G. Mei, J. V. Jokerst, G. S. Hong, A. L. Antaris,
N. Chattopadhyay, A. J. Shuhendler, T. Kurosawa, Y. Zhou,
S. S. Gambhir, Z. N. Bao and J. H. Rao, Adv. Mater., 2015,
27, 5184–5190.

188 Y. Y. Jiang and K. Y. Pu, Acc. Chem. Res., 2018, 51,
1840–1849.

189 W. S. Zhang, W. X. Deng, H. Zhang, X. L. Sun, T. Huang,
W. J. Wang, P. F. Sun, Q. L. Fan and W. Huang, Biomater-
ials, 2020, 243, 119934.

190 H. Kobayashi, M. Ogawa, R. Alford, P. L. Choyke and
Y. Urano, Chem. Rev., 2010, 110, 2620–2640.

191 J. Lin, P. M. Knutsen, A. Muller, D. Kleinfeld and
R. Y. Tsien, Nat. Neurosci., 2013, 16, 1499–1508.

192 X. Z. Ai, L. Lyu, Y. Zhang, Y. X. Tang, J. Mu, F. Liu,
Y. X. Zhou, Z. H. Zuo, G. Liu and B. G. Xing, Angew. Chem.,
Int. Ed., 2017, 56, 3031–3035.

193 J. Bussink, J. H. A. M. Kaanders, W. T. A. van der Graaf and
W. J. G. Oyen, Nat. Rev. Clin. Oncol., 2011, 8, 233–242.

194 H. M. Chen, W. Z. Zhang, G. Z. Zhu, J. Xie and X. Y. Chen,
Nat. Rev. Mater., 2017, 2, 17024.

195 Y. F. Wang, W. Du, T. Zhang, Y. Zhu, Y. H. Ni, C. C. Wang,
F. M. S. Raya, L. W. Zou, L. S. Wang and G. L. Liang,
ACS Nano, 2020, 14, 9585–9593.

196 Z. J. Zhou, D. T. Huang, J. F. Bao, Q. L. Chen, G. Liu,
Z. Chen, X. Y. Chen and J. H. Gao, Adv. Mater., 2012, 24,
6223–6228.

197 Z. J. Zhou, Z. H. Zhao, H. Zhang, Z. Y. Wang, X. Y. Chen,
R. F. Wang, Z. Chen and J. H. Gao, ACS Nano, 2014, 8,
7976–7985.

198 Y. G. Wang, X. H. Li, P. Y. Chen, Y. Dong, G. L. Liang and
Y. Q. Yu, Nanoscale, 2020, 12, 1886–1893.

199 T. X. Z. Liang, B. H. Zhang, Z. J. Xing, Y. X. Dong, H. M. Xu,
X. Q. Chen, L. P. Jiang, J.-J. Zhu and Q. H. Min, Angew.
Chem., Int. Ed., 2021, 60, 11464–11473.

200 J. J. Liu, F. Hu, M. Wu, L. L. Tian, F. Gong, X. Y. Zhong,
M. C. Chen, Z. Liu and B. Liu, Adv. Mater., 2021,
33, 2007888.

201 D. M. Goldenberg, R. M. Sharkey, G. Paganelli, J. Barbet
and J.-F. Chatal, J. Clin. Oncol., 2006, 24, 823–834.

202 M. Patra, K. Zarschler, H.-J. Pietzsch, H. Stephan and
G. Gasser, Chem. Soc. Rev., 2016, 45, 6415–6431.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
0 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

on
 3

/3
/2

02
2 

2:
13

:4
3 

PM
. 

View Article Online

https://doi.org/10.1039/d1cs00451d


This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev., 2022, 51, 1336–1376 |  1375

203 M. A. Shah, X. L. Zhang, R. Rossin, M. S. Robillard, D. R.
Fisher, T. Bueltmann, F. J. M. Hoeben and T. P. Quinn,
Bioconjugate Chem., 2017, 28, 3007–3015.

204 C. S. Hinrichs and S. A. Rosenberg, Immunol. Rev., 2014,
257, 56–71.

205 E. N. Baruch, A. L. Berg, M. J. Besser, J. Schachter and
G. Markel, Cancer, 2017, 123, 2154–2162.

206 W. J. Li, H. Pan, H. M. He, X. Q. Meng, Q. Ren, P. Gong,
X. Jiang, Z. G. Liang, L. L. Liu, M. B. Zheng, X. M. Shao,
Y. F. Ma and L. T. Cai, Small, 2019, 15, 1804383.

207 H. Pan, W. J. Li, Z. Chen, Y. M. Luo, W. He, M. M. Wang,
X. F. Tang, H. M. He, L. L. Liu, M. B. Zheng, X. Jiang, T. Yin,
R. J. Liang, Y. F. Ma and L. T. Cai, Bioact. Mater., 2020, 6,
951–962.

208 Z. Chen, H. Pan, Y. M. Luo, T. Yin, B. Z. Zhang, J. H. Liao,
M. M. Wang, X. F. Tang, G. J. Huang, G. J. Deng,
M. B. Zheng and L. T. Cai, Small, 2021, 17, 2007494.

209 Y. T. Han, H. Pan, W. J. Li, Z. Chen, A. Q. Ma, T. Yin,
R. J. Liang, F. M. Chen, Y. F. Ma, Y. Jin, M. B. Zheng,
B. H. Li and L. T. Cai, Adv. Sci., 2019, 6, 1900251.

210 M. Mitsunaga, M. Ogawa, N. Kosaka, L. T. Rosenblum,
P. L. Choyke and H. Kobayashi, Nat. Med., 2011, 17,
1685–1691.

211 K. Sato, K. Ando, S. Okuyama, S. Moriguchi, T. Ogura,
S. Totoki, H. Hanaoka, T. Nagaya, R. Kokawa, H. Takakura,
M. Nishimura, Y. Hasegawa, P. L. Choyke, M. Ogawa and
H. Kobayashi, ACS Cent. Sci., 2018, 4, 1559–1569.

212 T. Komatsu, E. Kyo, H. Ishii, K. Tsuchikama, A. Yamaguchi,
T. Ueno, K. Hanaoka and Y. Urano, J. Am. Chem. Soc., 2020,
142, 15644–15648.

213 E. T. Ahrens and J. W. M. Bulte, Nat. Rev. Immunol., 2013,
13, 755–763.

214 I. Rhee, M.-C. Zhong, B. Reizis, C. Cheong and A. Veillette,
Mol. Cell. Biol., 2014, 34, 888–899.

215 H. Wang, M. C. Sobral, D. K. Y. Zhang, A. N. Cartwright,
A. W. Li, M. O. Dellacherie, C. M. Tringides, S. T. Koshy,
K. W. Wucherpfennig and D. J. Mooney, Nat. Mater., 2020,
19, 1244–1252.

216 D. Liße, C. Monzel, C. Vicario, J. Manzi, I. Maurin,
M. Coppey, J. Piehler and M. Dahan, Adv. Mater., 2017,
29, 1700189.

217 Z. M. Tang, Y. Y. Liu, M. Y. He and W. B. Bu, Angew. Chem.,
Int. Ed., 2019, 58, 946–956.

218 F. Zhang, F. Li, G.-H. Lu, W. D. Nie, L. J. Zhang, Y. L. Lv,
W. E. Bao, X. Y. Gao, W. Wei, K. Y. Pu and H.-Y. Xie, ACS
Nano, 2019, 13, 5662–5673.

219 D. Dudziak, A. O. Kamphorst, G. F. Heidkamp, V. R.
Buchholz, C. Trumpfheller, S. Yamazaki, C. Cheong,
K. Liu, H.-W. Lee, C. G. Park, R. M. Steinman and
M. C. Nussenzweig, Science, 2007, 315, 107–111.

220 D. J. Irvine, M. A. Swartz and G. L. Szeto, Nat. Mater., 2013,
12, 978–990.

221 F. Li, W. D. Nie, F. Zhang, G. H. Lu, C. L. Lv, Y. L. Lv,
W. E. Bao, L. J. Zhang, S. Wang, X. Y. Gao, W. Wei and
H.-Y. Xie, ACS Cent. Sci., 2019, 5, 796–807.

222 S. Kourembanas, Annu. Rev. Physiol., 2015, 77, 13–27.

223 Y. Lyu, D. Cui, J. G. Huang, W. X. Fan, Y. S. Miao and
K. Y. Pu, Angew. Chem., Int. Ed., 2019, 58, 4983–4987.

224 W. D. Nie, G. H. Wu, J. F. Zhang, L.-L. Huang, J. J. Ding,
A. Q. Jiang, Y. H. Zhang, Y. H. Liu, J. C. Li, K. Y. Pu and
H.-Y. Xie, Angew. Chem., Int. Ed., 2020, 59, 2018–2022.

225 X. H. Gao, S. Li, F. Ding, X. L. Liu, Y. J. Wu, J. Li, J. Feng,
X. Y. Zhu and C. Zhang, Adv. Mater., 2021, 33, 2006116.

226 H. Qin, R. F. Zhao, Y. T. Qin, J. Zhu, L. Chen, C. Z. Di,
X. X. Han, K. Cheng, Y. L. Zhang, Y. Zhao, J. Shi,
G. J. Anderson, Y. L. Zhao and G. J. Nie, Adv. Mater.,
2021, 33, 2006007.

227 J.-F. Lutz, Angew. Chem., Int. Ed., 2008, 47, 2182–2184.
228 T. Plass, S. Milles, C. Koehler, C. Schultz and E. A. Lemke,

Angew. Chem., Int. Ed., 2011, 50, 3878–3881.
229 A.-C. Knall and C. Slugovc, Chem. Soc. Rev., 2013, 42,

5131–5142.
230 X. S. Hou, C. F. Ke and J. F. Stoddart, Chem. Soc. Rev., 2016,

45, 3766–3780.
231 P. R. Wratil, R. Horstkorte and W. Reutter, Angew. Chem.,

Int. Ed., 2016, 55, 9482–9512.
232 J. Du, M. A. Meledeo, Z. Y. Wang, H. S. Khanna,

V. D. P. Paruchuri and K. J. Yarema, Glycobiology, 2009,
19, 1382–1401.

233 H. Y. Yoon, H. Koo, K. Kim and I. C. Kwon, Biomaterials,
2017, 132, 28–36.

234 H. L. P. Tytgat, C.-W. Lin, M. D. Levasseur, M. B. Tomek,
C. Rutschmann, J. Mock, N. Liebscher, N. Terasaka,
Y. Azuma, M. Wetter, M. F. Bachmann, D. Hilvert,
M. Aebi and T. G. Keys, Nat. Commun., 2019, 10, 5403.

235 P. R. Wratil, R. Horstkorte and W. Reutter, Angew. Chem.,
Int. Ed., 2016, 55, 9482–9512.
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