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Keywords: Click chemistry involves reactions that were originally introduced and used in organic chemistry to generate
Click chemistry substances by joining small units together with heteroatom linkages (C-X-C). Over the last few decades, click
Virus chemistry has been widely used in virus-related research. Using click chemistry, the virus particle as well as viral
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protein and nucleic acids can be labeled. Subsequently, the labeled virions or molecules can be tracked in real
time. Here, we reviewed the recent applications of click reactions in virus-related research, including viral
tracking, the design of antiviral agents, the diagnosis of viral infection, and virus-based delivery systems. This

review provides an overview of the general principles and applications of click chemistry in virus-related re-

search.

1. Introduction

Click chemistry describes reactions originally introduced and used
in organic chemistry to generate substances by joining small units to-
gether with heteroatom linkages (C-X-C) (Kolb et al., 2001). Over the
last few decades, click chemistry has been widely used in bioscience
fields, such as chemical biology, drug development and bionano-
particles, as a promising tool to modify biomolecules, such as DNA,
protein and virions (Ahmad Fuaad et al., 2013; Avti et al., 2013; Jewett
and Bertozzi, 2010; Kolb et al., 2001; Li et al., 2013; Liu et al., 2017;
Moses and Moorhouse, 2007; Thirumurugan et al., 2013; Yi et al.,
2018).

There are two main steps in the reaction to efficiently synthesize
biomolecules or substances by joining substrates of small molecules
with specific biomolecules: 1) biomolecules A and B are labeled with
azide and alkyne functional groups via click chemistry, respectively,
and 2) azide-labeled molecule A and alkyne-labeled molecule B are
conjugated to form a stable conjugate (Himo et al., 2005; Kolb et al.,
2001; Liu et al.,, 2017; Moses and Moorhouse, 2007; Salic and
Mitchison, 2008). Copper-catalyzed alkyne-azide cycloaddition
(CuAAC) is one of the most widely used click reactions, which reacts
efficiently at room temperature and is stable to most functional groups
to generate stable products (Kolb et al., 2001; Moses and Moorhouse,
2007). To label cells in situ using CuAAC, an azide or alkyne is con-
jugated to a biomolecule in the cell, such as a nucleic acid, nucleoside,
amino acid, monosaccharide or fatty acid, which is termed the
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biosynthetic incorporating reaction (Amblard et al., 2009; Salic and
Mitchison, 2008). Subsequently, the complementary alkyne or azide
labeled with the reporter group is linked with the biomolecules via click
chemistry in the presence of catalytic copper(I) (Amblard et al., 2009;
Salic and Mitchison, 2008). However, although the CuAAC reaction is
effective for bioconjugation, the reaction is limited in live cells due to
that the copper, as a catalyst, is cytotoxic. Thus, some copper-free click
chemistry methods have been developed, such as Cu-free alkyne-azide
cycloaddition (Jewett et al., 2010), strain-promoted alkyne-azide cy-
cloaddition (SPAAC) (Sachin et al., 2012), strain-promoted inverse-
electron-demand Diels-Alder cycloaddition (SPIEDAC) (Nikic et al.,
2014), the thiol-ene reaction (Hoyle and Bowman, 2010), etc.

Using click chemistry, fluorophores or other reporter molecules at-
tach to the specific biomolecules, allowing the biomolecules to be
identified, located and characterized. Recently, click chemistry has
been widely used in virus-related research (Best, 2009; Bruckman et al.,
2008; Cowan et al., 2012; Gao et al., 2012; Generous et al., 2014;
Kalveram et al., 2013; Lu et al., 2015; Nwe and Brechbiel, 2009; Rubino
et al., 2012; Wang et al., 2018). In this review, we will introduce the
application of click chemistry in virus-related research, including viral
tracking, the design of antiviral agents, the diagnosis of viral infection,
and virus-based delivery systems. Furthermore, the advantages and
disadvantages of click chemistry for virus-related research were also
discussed. This review provides an overview of the general principles
and applications of click chemistry in virus-related research.

Received 8 June 2018; Received in revised form 27 July 2018; Accepted 2 August 2018

Available online 03 August 2018
0168-1702/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2018.08.003
https://doi.org/10.1016/j.virusres.2018.08.003
mailto:renlz@jlu.edu.cn
https://doi.org/10.1016/j.virusres.2018.08.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2018.08.003&domain=pdf

T. Ouyang et al.

2. Click chemistry in virus-related research
2.1. Viradl tracking

To date, due to the lack of knowledge of viral infection, the pa-
thogenesis of most viruses as well as the interaction between the virus
and host cells is still unclear (Liu et al., 2017). Using click chemistry,
viral protein and the virion can be clicked rapidly and quantitatively
with small and highly stable tags, allowing the visualization of dynamic
changes in labeled viral proteins or virions in cells and providing more
knowledge of the interactions between the host cells and virus.

A classical click reaction for viral labeling is a protocol described by
Bruckman (Bruckman et al., 2008). In this system, an alkyne group was
quantitatively attached to the tyrosine residues on the surface of to-
bacco mosaic virus (TMV) via diazonium coupling and the CuAAC re-
action (Bruckman et al., 2008). This study also proved that the CuAAC
reaction did not depend on the structure of the starting materials and
will not affect the function of the azide (Bruckman et al., 2008).
However, copper-catalyzed ligation between Cu(II) and 1,2,3-triazoles
has cytotoxicity and might affect the viral structure (Liu et al., 2017;
Wang et al., 2003). Moreover, Cu(II) can greatly decrease the fluores-
cence of the quantum dots (QDs) (Beaune et al., 2011; Bernardin et al.,
2010). Therefore, a copper-free reaction was used to label the vaccinia
virus and avian influenza A virus in live cells with QDs by linking azide-
clicked virions to the dibenzocyclooctyne-derived QDs, resulting in
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intact, fluorescence-labeled and infectious virions for single-virion
tracking, with an 80% labeling efficiency (Fig. 1a) (Hao et al., 2012).
The fluorescence of labeled virions was strong enough for single-virion
imaging and tracking (Hao et al., 2012).

Recently, metabolic incorporation of a clickable group into viral
protein was reported as another strategy to label a virus or viral protein
for investigating the behavior of viral proteins (Fernandez and Freed,
2017; Lin et al., 2013; Nikic et al., 2014; Plass et al., 2012; Sakin et al.,
2017). One protocol is based on genetic code expansion. First, an amber
stop codon (UAG) was introduced into the target protein by site-di-
rected mutagenesis (Fernandez and Freed, 2017; Nikic et al., 2014).
Then, a noncanonical amino acid (ncAA) could be incorporated into the
amber stop codon when the engineered protein was coexpressed with
the aminoacyl tRNA synthase/tRNA pair in the host cell, resulting in
translation continuing through the amber stop codon, which was de-
signated as amber suppression (Fernandez and Freed, 2017; Nikic et al.,
2014). As the ncAA bears a ring-strained alkyne or alkene, the ncAA is
clicked to azide- or tetrazine-containing dyes via SPAAC or SPIEDAC
reactions, and thus, the mobility of the target viral protein, such as HIV-
1 Env, can be measured in a real-time manner (Fig. 1b) (Fernandez and
Freed, 2017; Nikic et al., 2014; Sakin et al., 2017). Moreover, HIV-1
particles can be generated by adding eGFP-tagged Gag to the system,
and therefore, the Env accumulating sites of particle budding can be
visualized by stimulated emission depletion (STED) nanoscopy
(Fernandez and Freed, 2017; Sakin et al.,, 2017). However, the
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Fig. 1. Application of click chemistry in viral tracking. (a) Virions were labeled with quantum dots (QDs) via copper-free click chemistry by linking azide-clicked
virions to the dibenzocyclooctyne-derived QDs, resulting in intact, fluorescence-labeled and infectious virions (Hao et al., 2012). (b) An amber (UAG) stop codon was
inserted into the HIV Env protein by site-directed mutagenesis, followed by coexpression of the protein with an aminoacyl tRNA synthase/tRNA and noncanonical
amino acid (ncAA) in the target cell (Fernandez and Freed, 2017; Sakin et al., 2017). Subsequently, the ncAA was incorporated at the amber stop codon, allowing the
continuous translation through the amber stop codon (Fernandez and Freed, 2017; Sakin et al., 2017). When H-Tet-Cy5 was added, the Env was labeled between
ncAA and tetrazine via a click reaction (Fernandez and Freed, 2017; Sakin et al., 2017). (c) Viral glycoprotein was labeled with a metabolically incorporated
unnatural sugar (Ac4ManNAz), followed by a click reaction with organic fluorescent dyes, allowing virus-cell fusion to be visualized during the infection (Oum et al.,
2016).
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efficiency of amber suppression used in this strategy was low
(Fernandez and Freed, 2017; Plass et al., 2012; Sakin et al., 2017),
which limits the incorporation of ncAA into the target protein. Another
metabolic incorporation strategy describes the labeling of the viral
membrane glycoprotein via metabolic incorporation of unnatural su-
gars (Ac4ManNAz) followed by a click-reaction with organic fluor-
escent dyes, allowing the visualization of the fusion of a single virus
with cells during the infection (Fig. 1c) (Oum et al., 2016). The result
showed that unnatural sugars did not affect membrane fusion, while it
can interfere with the function of the Env (Oum et al., 2016). Moreover,
the methionine analogue homopropargylglycine (HPG) was also used
for incorporation into newly synthesized protein of the herpes simplex
virus (HSV) using click chemistry (Su Hui Teo et al., 2016). Due to that
the HPG can be selectively coupled by fluorochrome-capture reagents,
the newly synthesized proteins can be tracked by a fluorescence mi-
croscope. The results showed that the newly synthesized proteins were
rapidly accumulated in the nucleus and formed numerous sub-
compartments (Su Hui Teo et al., 2016). The immediate-early proteins
ICP4 and ICPO of HSV were excluded from these newly synthesized
protein domains (NPDs), whereas ICP22 was selectively recruited in the
NPDs, and the NPDs formed adjacent to promyelocytic leukemia (PML)
domains (Su Hui Teo et al., 2016). These results indicated that NPDs
recruit host and newly translated viral protein during the early stage of
infection (Su Hui Teo et al., 2016).

In addition to viral protein, viral nucleic acids can also be labeled
using click chemistry to track the dynamics of the nucleic acids. Newly
generated viral RNA can be labeled by incorporating an uridine ana-
logue, such as 5-ethynyluridine (EU), followed by clicking with a
fluorescent azide (Hagemeijer et al., 2012; Kalveram et al., 2013).
Thereafter, viral transcription can be visualized and quantified in the
virus-infected cells through fluorescence microscopy and flow cyto-
metry, respectively (Kalveram et al., 2013). It was found that newly
synthesized viral RNA and nonstructural protein (NSP) were coloca-
lized with dsRNA in the early stages of infection of Coronaviruses but
not in the late stages of infection, indicating that dsRNA does not play a
necessary role in activating viral RNA synthesis (Hagemeijer et al.,
2012). However, both nascent viral RNA and host transcripts can be
labeled using this protocol (Kalveram et al., 2013). To solve this pro-
blem, virus-infected cells can be treated with actinomycin D (ActD) to
suppress host cell transcription, as ActD can inhibit DNA-dependent
transcription by binding to dsDNA but has no effect on viral RNA-de-
pendent RNA polymerases (Kalveram et al., 2013; Reich and Goldberg,
1964). It is noteworthy that the labeled viral RNA is sensitive to RNase,
and therefore, it is critical to avoid contamination with nucleases
throughout the entire process (Jao and Salic, 2008; Kalveram et al.,
2013).

The protocols to label viral DNA are similar to the viral RNA la-
beling strategies. Using 5-ethynyl-2’-deoxyuridine (EdU)-labeled HSV-1
DNA, it was found that promyelocytic leukemia-nuclear bodies (PML-
NBs) blocked viral replication by entrapping viral DNA during the entry
of the viral genome into the nucleus (Alandijany et al., 2018). However,
when the viral PML-NB antagonist ICPO was added, interferon-stimu-
lated gene (ISG) expression was induced in a PML-, interferon gamma
inducible protein 16 (IFI16)-, and Janus-associated kinase (JAK)-de-
pendent manner, while the ISG expression was inhibited by phospho-
noacetic acid, indicating that viral DNA polymerase was involved in the
induction of ISG expression (Alandijany et al., 2018). These results
demonstrated that PML played dual roles in the regulation of in-
tracellular host immunity, which depended on viral genome delivery
and viral DNA polymerase, respectively (Alandijany et al., 2018).
Senkevich and colleagues incorporated EdU into the nascent DNA of the
vaccinia virus (VACV) in the virus-infected cells and found that the
newly synthesized DNA was colocalized with the viral single-stranded
DNA binding protein I3 in virus factories surrounded by the en-
doplasmic reticulum (Senkevich et al., 2017). Further research de-
monstrated that nuclear DNA synthesis stopped immediately after
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VACV infection, whereas the synthesis of viral DNA was enhanced in
the virus factories of the cytoplasm (Senkevich et al., 2017). Viral
proteins, host proteins (including proliferating cell nuclear antigen
(PCNA) as well as topoisomerases Ila and IIf) as well as nascent viral
DNA were identified in the complexes, indicating that these proteins
were required for poxvirus DNA replication (Senkevich et al., 2017).
Unexpectedly, it was demonstrated that EAU has cytotoxic properties,
which may be responsible for cell death and/or apoptosis (Cieslar-
Pobuda and Los, 2013; Kohlmeier et al., 2013). Using a nucleoside
analogue, the Komatsu group found a specific adenoviral DNA re-
plication complex during the late phases of infection, which produced
nascent viral genomes in virus-induced post-replication (ViPR) bodies
(Komatsu et al., 2016). In addition, nucleolar protein Mybbpla was
identified as a molecular marker of ViPR bodies, which specifically
reacted with viral core protein VII (Komatsu et al., 2016).

Moreover, a dual-labeled virus can be generated by labeling both
viral nucleic acid and viral protein with different azides and alkynes
using click chemistry. Huang and colleagues developed a universal and
efficient dual labeling strategy for envelope viruses and capsid viruses,
in which L-azidohomoalanine (AHA) and 5-vinyl-2’-deoxyuridine
(VdU) were incorporated into the viral proteins and viral nucleic acids,
respectively, followed by a copper-free click reaction or inverse electron
demand Diels-Alder reaction (iEDDA) during the assembly of the pro-
geny virions (Huang et al., 2017). The results showed that 80% of the
progeny virions were dual-labeled and fully infectious, and their
fluorescence was strong enough for tracking (Huang et al., 2017).

2.2. Development of an antiviral agent

Antiviral agents play important roles in inhibiting viral infection
and curing the disease. However, many examples have proven that
most viruses are increasingly resistant to the currently used antiviral
agents. Therefore, the development of novel highly efficient antiviral
agents is one of the urgent tasks for virologists and chemists.

Based on click chemistry, many types of anti-influenza agents were
developed with reliable effectiveness. Hemagglutinin (HA) and neur-
aminidase (NA) are important antigenic determinants on the surface of
the influenza virus. Therefore, HA and NA are key targets for the de-
velopment of anti-influenza agents. Nagao and coworkers designed
glycopolymers carrying sialyl oligosaccharides by click chemistry and
found that the glycopolymers can specifically recognize different types
of influenza viruses (Fig. 2a) (Nagao et al., 2017). Among the glyco-
polymers, GP4-6’ can significantly inhibit viral infection by interacting
with viral hemagglutinin (Nagao et al., 2017). Excitingly, many groups
reported that multivalent antibodies or ligands generated by click
chemistry exhibited high anti-influenza activity. Multivalent interac-
tions with multiple binding sites of the virus were found to be more
efficient in inhibiting viral infection, and the lipidation of the polymer
structures played an important role in inhibiting the viral infection
(Nagao et al., 2017). Similarly, human serum albumin (HSA) and bo-
vine serum albumin (BSA) conjugated with S-sialoside showed mod-
erate NA inhibitory activity and higher affinity to HA due to the mul-
tivalent effect as well as optimized three-dimensional presentation of
sialosides on the protein (Yang et al., 2016). To overcome the intrinsic
limitations of the conventional influenza vaccine, gold nanoparticles
(AuNPs) were conjugated with HA and flagellin (TLR5 agonist) by click
chemistry, resulting in specific and stable conjugated proteins (Wang
et al., 2017). The dual-conjugated AuNPs are effective in inducing a
strong immune response in vitro and in mice, indicating that the pro-
teins have effective immunogenicity and immunostimulation (Wang
et al., 2017). Furthermore, per-O-methylated cyclodextrin (CD) deri-
vatives functionalized with multivalent pentacyclic triterpene were
synthesized using a 1,3-dipolar cycloaddition click reaction (Tian et al.,
2017). Compound 28 showed the most potent anti-influenza activity by
being tightly bound to influenza HA protein to inhibit the entry of the
influenza virus into the host cell (Tian et al.,, 2017). Moreover,
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Fig. 2. Application of click chemistry to evaluate antiviral agents. (a) A spacer (acrylamide, AAm) and alkyne (4-trimethylsilyl-3-butynyl acrylamide, TMS BtnAAm)
were copolymerized by RAFT polymerization, followed by adding azidated sialyl oligosaccharides via "postclick" chemistry (Nagao et al., 2017). (b) Gal-APN was
prepared by mixing cationic p41 and anionic copolymers (Gal-PEG-b-PLE and propargyl-PEG-b-PLE) (Zhang et al., 2015, 2013).

bispecific antibody conjugated with sortase via click chemistry has
broad anti-influenza virus activity (Wagner et al., 2014). In addition,
triazole derivatives synthesized by clicking a hydroxyl group or keto-
group onto camphecene showed low cytotoxicity and high antiviral
activity against influenza virus A/Puerto Rico/8/34 (HIN1) (Artyushin
et al., 2017).

Hepatitis C virus (HCV) entry is a main target for the treatment of
chronic HCV infection (McGowan et al., 2017; Xiao et al., 2014, 2016).
To obtain an anti-HCV entry agent, a series of a- or B-cyclodextrin-
pentacyclic triterpene conjugates labeled with water soluble triazole
were synthesized via click chemistry (Xiao et al., 2014, 2016). The
results showed that compounds a-cyclodextrin 15 and 18 displayed
promising anti-HCV entry activities at the postbinding step, with
average ICso values of 1.18 uM and 0.25 pM, respectively (Xiao et al.,
2016). To pursue an economical agent for HCV therapy, antiviral
peptide nanocomplexes (APN) were galactosylated by click chemistry
to generate Gal-APN (Zhang et al., 2015). Gal-APN exhibited prominent
advantages to prevent HCV and suppress the intracellular expression of
HCV proteins in vitro as well as preferential liver accumulation in vivo,
indicating that Gal-APN is a potential liver-targeting therapeutic agent
against HCV (Fig. 2b) (Zhang et al., 2015, 2013). To enhance cellular
uptake and intracellular delivery, oligonucleotides were conjugated
with lipid via click chemistry (Godeau et al., 2008). Further in-
vestigation showed that these lipid-conjugated oligonucleotides can
efficiently inhibit the translation of the hepatitis C virus (Godeau et al.,
2008).

The development of novel anti-HIV agents remains a tough chal-
lenge for medicinal chemistry, partly due to the rise in the non-
nucleoside reverse transcriptase inhibitor (NNRTI) resistance of HIV
(Pribut et al., 2016). Using 1,2,3-triazole as a new scaffold for novel
NNRTIs, it was found that compound B5b7, a S-dihydro-alkoxy-benzyl-
oxopyrimidine (DABO) derivative with a substituted 1,2,3-triazole
moiety on the C-2 side chain, exhibited potent HIV-1 inhibitory activity
with an ECsq value of 3.22uM (Fang et al., 2015), whereas only two
1,2,3-triazole compounds displayed moderate activity by clicking an
alkyl group onto lersivirine (LSV), a potent NNRTI that is effective
against wild type HIV as well as several problematic mutant strains of
the virus (Pribut et al., 2016). Moreover, compound 2, a copper(D)-
catalyzed 1,2,3-triazole-derived compound, exhibited potent effective-
ness against HIV-1 protease (Giffin et al., 2008). Furthermore, a specific
HIV fusion inhibitor conjugated with sapogenin, a nonspecific antiviral
agent, showed a strong cooperative effect against HIV-1 activity (Wang
et al., 2014).

In summary, these results indicated that the unique bioorthogon-
ality of click chemistry renders antiviral agents with high effectiveness
to inhibit viruses.
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2.3. Diagnosis of viral infection

Diagnosis at an early stage of viral infection is critical for antiviral
therapy, especially for high-risk groups. Among the diagnostic strate-
gies, biosensors combined with analytical devices is a convenient
strategy for viral detection, which can sense the presence of a virus or
viral genome with high sensitivity and good reproducibility.

The conjugation of antibody or peptide on the biosensor via click
chemistry is widely used for the early detection of infection. It was
reported that tetraphenylethylene (TPE) clicked with a fluorescent 6’-
sialyllactose moiety can be used as a "turn-on" fluorescent sensor to
detect the influenza virus (Kato et al., 2010). A cocktail of thermally
stable capture agents generated using click chemistry can be used to
detect the anti-gp41 antibodies of HIV-1 from human sera with high
sensitivity and specificity (Pfeilsticker et al., 2013). To increase the
sensitivity of the biosensor, a variable domain of llama heavy-chain
antibodies, which can specifically recognize the foot-and-mouth disease
virus, was clicked with azides to generate bioorthogonal reactive
groups (Trilling et al., 2014). The sensitivity of the resulting biosensor
increased up to 800-fold compared with that of randomly oriented
bioreceptors, indicating that the device may facilitate early diagnosis
(Trilling et al., 2014). To detect infection by the dengue fever virus
(DENV), an automated biosensing platform was designed by coating
high-affinity monoclonal antibodies of DENV biomarker NS1 protein
via bio-orthogonal Cu-free click chemistry (Fig. 3a) (Antunes et al.,
2015). The resulting biosensor takes only 8 min for DENV detection
using a 6 pL serum sample, and the detection limit of the method was
25ng/mL (Antunes et al., 2015). Recently, a boron-doped diamond
(BBD) electrode clicked with sialic acid-mimic peptide, a common re-
ceptor of influenza viruses, was designed to capture influenza virions
during the early stages of infection (Fig. 3b) (Matsubara et al., 2016).
Using the BBD, 20-500 pfu of HIN1 and H3N2 virions can be detected,
indicating that the BDD device integrated with the receptor-mimic
peptide has high sensitivity in the early phase of infection (Matsubara
et al.,, 2016). The great advantage of this BBD is that the sialic acid-
mimic peptide is free from the risk of NA digestion (Matsubara et al.,
2016).

A biosensor clicked with a viral probe is a promising strategy for
viral detection and quantification. To detect the viral genome, a HCV-
specific acetylene-terminated DNA probe was clicked onto azido-deri-
vatized poly(3,4-ethylenedioxythiophene) (PEDOT) electrodes, re-
sulting in a label-free electrochemical DNA sensor for the detection of
HCV (Galan et al., 2015). The result showed that the detection limit was
0.13nM using the PEDOT-based biosensor (Galan et al., 2015). To
quantify viral DNA, biotin-labeled capture DNA was immobilized onto
Streptavidin MagneSphere Paramagnetic Particles and hybridized with
hepatitis B viral DNA, followed by hybridizing the target DNA with
DNA-CuS particles to form a sandwich like structure (Fig. 3c) (Yue
et al., 2014). Then, the CuS particles were acidized to form Cu(II) and
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affinity monoclonal antibodies (1H7.4) against DENV NS1 protein via bio-orthogonal Cu-free click chemistry (Antunes et al., 2015). The presence of the target
antigen NS1 triggers MNP agglutination and the formation of nanoclusters with rapid kinetics enhanced by external magnetic actuation (Antunes et al., 2015). The
amount and size of the nanoclusters correlate with the target concentration and can be quantified using an optomagnetic readout method (Antunes et al., 2015). (b)
The sialic acid-mimic peptide dimer was immobilized on the alkyne-terminated BDD electrode via a click reaction, and the capture of the influenza virus was detected
electrochemically (Matsubara et al., 2016). (c) Biotin-modified capture DNA was linked on Streptavidin MagneSphere Paramagnetic Particles and hybridized with
hepatitis B virus DNA, followed by hybridizing the target DNA with DNA-CuS particles to form a sandwich like structure (Yue et al., 2014). Subsequently, CuS
particles on the sandwich structures were destroyed by acid to form Cu(II) that was reduced to Cu(l) by sodium ascorbate, which in turn catalyzes the reaction
between a weakly fluorescent 3-azido-7-hydroxycoumarin and propargyl alcohol to form a fluorescent 1,2,3-triazole compound (Yue et al., 2014).

later reduced to Cu(I) by sodium ascorbate. The resulting Cu(I) cata-
lyzed the formation of a fluorescent 1,2,3-triazole compound between a
weakly fluorescent 3-azido-7-hydroxycoumarin and propargyl alcohol
(Yue et al., 2014). It was found that there was a direct linear re-
lationship between the fluorescence intensity and the target DNA con-
centrations in the range of 0.1-100nM, and the detection limit is
0.04nM (Yue et al., 2014). Thomson et al. reported an amplification-
free HSV assay, in which magnetic nanoparticles were linked with a
copolymer of hydroxyl- and azide-terminated oligoethylene glycol
methacrylate, followed by the conjugation of the alkyne-labeled HS-
specific DNA capture-probes (Thomson and Cooper, 2013; Thomson
et al., 2012). Thereafter, the magnetic and fluorescent nanoparticles
were linked by target DNA during the assay, and thus, the target DNA
concentration can be quantified by the fluorescence intensity (Thomson
and Cooper, 2013; Thomson et al., 2012). Following the assay and re-
agent optimization, the detection limit was 25 amol using undiluted
serum, indicating a 160-fold improvement compared to that of con-
ventional detection (Thomson and Cooper, 2013; Thomson et al.,
2012).

2.4. Virus-based delivery system

Viral vectors, including those of the lentivirus and adeno-associated
virus, as well as some nonviral strategies, such as cationic polymer and
liposome, are limited by their packaging capacity, poor delivery, toxi-
city, and immunogenicity (Kretzmann et al., 2017). Therefore, im-
proving the delivery of viral vectors remains a challenge for medical
chemistry.

Functionalized viruses or viral vectors targeting specific cells via
click chemistry are promising applications for gene or drug delivery
into specific cells, especially cancer cells. For drug delivery, functio-
nalized liposomes were generated by clicking the membrane-inter-
acting domain (gH625) peptide of HSV-1 on the 1,2-dioleoyl-sn-gly-
cero-3-phosphocholine-based liposomes, which may act as intracellular
targeting carriers for the efficient delivery of drugs into tumor cells
(Tarallo et al., 2011). Similarly, poly(amide)-based dendrimer func-
tionalized with the gH625 allows the conjugate to rapidly penetrate the
cells, suggesting that the peptidodendrimeric scaffold may be a pro-
mising material for efficient drug delivery (Carberry et al., 2012). A
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marked increase in gene delivery to a murine cancer cell line can
achieved by the functionalization of human adenoviruses with un-
natural azido sugars, followed by chemoselective modification with the
small molecule effector folate, a known cancer-targeting motif
(Banerjee et al., 2010). Furthermore, surface modification of unnatural
glycans on lentiviral surfaces with cancer specific ligands via a strain-
promoted click reaction also facilitates lentiviral transduction to target
cancer cells (Fig. 4) (Chu et al., 2016).

3. Advantages and disadvantages of click chemistry for virus-
related research

For bioconjugation, click chemistry has several advantages in-
cluding the following: 1) there are no azides and alkynes in native
biomolecules, which could be specifically introduced into biomolecules;
2) the reaction is very selective and only takes place between an azide
and alkyne, without interacting with other biomolecules; 3) the click
reaction takes place in water or aqueous solutions, indicating that the
reaction can take place in living cells; 4) the reaction is fast, quantita-
tive and irreversible, and the protocol is simple; 5) the reaction is pH-
insensitive, and thus, there is no need to add any special buffer, acid or
base; and 6) most importantly, the product is single and stable
(Amblard et al., 2009; Best, 2009; Kolb et al., 2001). These advantages
make click chemistry available for virus-related research in live cells.

However, the click chemistry is not perfect. There are a few lim-
itations that need to be considered (Table 1). The most significant is
that copper, as a catalyst in the reaction, is cytotoxic in vivo and in vitro,
due in part to its capacity for sensitizing oxidative damage to proteins
and nucleic acids (Hein et al., 2008; Meghani et al., 2017). Therefore,
copper-free click reactions are ideal reactions for viral tracking and
virus-based delivery systems in live cells or in vivo. Moreover, numerous
stable triazoles are produced via click reactions, and thus, whether
these triazoles are safe for animals or humans as well as the metabolic
pathways of triazoles in biological systems need to be further in-
vestigated (Li et al., 2013). Furthermore, as proteins or nucleic acids
can be easily digested by protease or nuclease, respectively (Picard-
Lafond and Morin, 2017; Qi et al., 2017; Thomson and Cooper, 2013;
Thomson et al., 2012; Yue et al., 2014), protease degradation needs to
be considered during the modification of peptide or protein, while
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Fig. 4. Application of click chemistry in a virus-based delivery system. During the generation of lentivirus, peracetylated N-a-azidoacetylmannosamine
(Ac4ManNAz), a sialic acid analog, can be directly incorporated onto viral surface glycans (Chu et al., 2016). Thereafter, functional molecules for targeting specific

cells can be clicked onto the labeled virions via SPAAC (Chu et al., 2016).

DNase or RNase inhibitors are needed for nucleotide-related reactions.
For a more detailed explanation of the limitations of click chemistry,
please see the review by Pickens et al. (Pickens et al., 2018).

4. Conclusions and future perspectives

In summary, the high reaction yield, simple reaction and purifica-
tion conditions, wide range of solvent and pH stabilities, and functional
group tolerance make click chemistry ideal for virus-related research
(Bruckman et al., 2008). Based on click chemistry, much progress was
achieved to understand the molecular mechanisms of viral replication
and pathogenesis as well as viral interactions with host cells. Although
this review highlighted some of the currently knowledge based on click
chemistry, we still have much to explore with regard to viral infection.
It also provides platforms for viral detection, drug development and
targeted delivery. To date, more products generated via click chemistry
are likely to become commercially available in the field of bio-
technology, especially for visualization, drug discovery, diagnosis, and
therapeutics (Mandhare et al., 2014; Xu and Jones, 2015). Efforts are
still needed to resolve the limitations of click chemistry in live cells and
animals/humans, especially the cytotoxic activities of the compounds
generated from click reactions. Hopefully, as time goes on, it can be
anticipated that in the future, click reactions will contribute great ad-
vances in the research and applications of viral tracking, the design of

Table 1
Comparison of different usages of click chemistry in virus-related research.

antiviral agents, the diagnosis of viral infection, and virus-based de-
livery systems.
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