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Abstract

Bioorthogonal chemistry has enabled the selective labeling and detection of biomolecules in living 

systems. Bioorthogonal smart probes, which become fluorescent or deliver imaging or therapeutic 

agents upon reaction, allow for the visualization of biomolecules or targeted delivery even in the 

presence of excess unreacted probe. This review discusses the strategies used in the development 

of bioorthogonal smart probes and highlights the potential of these probes to further our 

understanding of biology.

Introduction

Bioorthogonal reactions proceed readily and selectively in biological systems. By tagging a 

biomolecule of interest with one of the two reaction partners (the chemical reporter group), 

the biomolecule can be selectively labelled by bioorthogonal reaction with a secondary 

reagent bearing a fluorescent probe or affinity handle (Fig. 1A). The small size of chemical 

reporter groups allows for their efficient incorporation into biomolecules by hijacking native 

biosynthetic pathways. This has facilitated the visualization and study of biomolecules not 

directly encoded by the genome. The topic of bioorthogonal reactions has been extensively 

reviewed, with recent reviews providing detailed discussions on the suitability of individual 

reactions for different applications.1–5

The ability of bioorthogonal chemistry to selectively label biomolecules has often been 

paired with fluorescence microscopy, where the spatiotemporal dynamics of these labeled 

biomolecules can be monitored. In bioorthogonal labeling reactions, an excess of fluorescent 

secondary reagent is typically required to maximize labeling efficiency of the reporter-

tagged biomolecule. This excess reagent will have to be carefully removed through a series 

of washing steps to guarantee that only covalently attached probe remains. Otherwise, 

fluorescence from unreacted probe may obscure any signal from the labeled biomolecule of 

interest. As overall reaction rate is directly proportional to both rate constant and reagent 

concentration, a higher rate constant means less secondary reagent is needed. This 
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minimizes the amount of unreacted probe present at the end of the reaction, reducing overall 

background signal. A major motivation in the field of bioorthogonal chemistry has therefore 

been to improve reaction kinetics.

A complementary approach to minimize background fluorescence from unreacted probe is 

through the development of bioorthogonal smart probes, which are activated by 

bioorthogonal reaction. Fluorescent probes (also known as fluorogenic or turn-on probes), 

for example, undergo an enhancement in fluorescence upon bioorthogonal reaction (Fig. 

1B). By using these probes, fluorescence is only observed where the bioorthogonal reaction 

occurs. For imaging applications, bioorthogonal smart probes can prove crucial in situations 

where it is difficult to remove excess probe, such as for labeling reactions performed 

intracellularly or in vivo. In addition, there are instances where washing steps are 

undesirable, such as the real-time visualization of dynamic biological processes.

Bioorthogonal smart probes also include compounds that release drugs or imaging agents 

only upon bioorthogonal reaction (Fig. 1C). These caged compounds enable targeted 

delivery if a certain cell type preferentially incorporates a reporter group-tagged molecule. 

Selectivity is achieved if the caging process dramatically alters the activity or properties of 

the drug or imaging agent.

Here, we discuss design strategies used for the development of bioorthogonal smart probes, 

with particular emphasis on fluorescent probes. Considerations when evaluating these smart 

probes include the level of signal enhancement that occurs upon bioorthogonal reaction; 

probes with higher turn-on enable more sensitive detection. Additionally, for fluorescent 

probes, longer wavelength excitation and emission are beneficial as complications from 

phototoxicity, background autofluorescence, or poor tissue penetrance are minimized. Our 

review is organized by bioorthogonal reaction type, with each section beginning with a brief 

introduction of the reaction. The final section highlights selected applications of 

bioorthogonal smart probes, such as their use in monitoring bioorthogonal reaction progress 

and sequence-specific oligonucleotide detection.

Aldehyde/Ketone-Nucleophile Condensations

The condensation of aldehydes with α-effect amine nucleophiles, such as alkoxyamines or 

hydrazines to form oxime or hydrazone linkages, respectively, was one of the first 

commonly used chemoselective ligation reactions in biological systems (Fig. 2). An obvious 

limitation to the bioorthogonality of this reaction is the presence of aldehydes and ketones in 

intracellular metabolites. Yet, aldehydes and ketones are absent on the exterior of the cell, 

making this approach effectively bioorthogonal for reactions performed on the cell surface.

Aldehydes and ketones have been introduced onto cell surfaces via the biosynthetic 

incorporation of unnatural substrates, the periodate oxidation of cell surface glycans, and the 

enzymatic oxidation of alcohols or thiols in endogenous biomolecules.6–12 The condensation 

of α-effect amine nucleophiles occurs rapidly under acidic conditions, but the presence of 

additives can enable efficient labeling at neutral pH.10,13 Alkoxyamines and hydrazines 

condense with aldehydes with second-order rate constants of 1 to 10 M−1s−1 in pH 4.5 to 6.5 

aqueous buffer, whereas hydrazides react orders of magnitude more slowly. The resulting 
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adducts are prone to hydrolysis in aqueous environments, since the forward reaction 

involves a release of an equivalent of water. Oxime linkages, however, are significantly 

more stable than hydrazones,14 and the stability of these adducts can be further increased 

through the use of modified alkoxyamine or hydrazine reagents.15,16

Aryl hydrazines undergo significant changes in their electronic properties upon 

condensation with carbonyl functionalities. The color change observed when staining 

ketones and aldehydes during thin layer chromatography with 2,4-dinitrophenylhydrazine is 

one manifestation of this phenomenon. Thus, hydrazine-functionalized fluorophores may be 

expected to show fluorescence modulation upon reaction with ketones or aldehydes. As 

well, the lone pair of the distal hydrazine nitrogen may quench fluorescence through internal 

charge transfer (ICT) processes.17 Hydrazine-functionalized nitrobenzoxadiazoles, 

BODIPYs, and coumarins have been developed whose fluorescence is activated by reaction 

with ketones or aldehydes (1–3, Fig. 3).18–24 It should be noted that fluorescence 

enhancements of these compounds are highest in less polar solvents, and it has been reported 

that the hydrazone adducts of compound 1 are virtually non-fluorescent in neutral aqueous 

solutions. Additionally, aryl hydrazines and their adducts are prone to oxidation, which can 

complicate handling and storage.

Approaches that utilize alkoxyamines offer the benefits of ease of handling and the 

formation of a significantly more stable adduct in biological systems. Unfortunately, the 

fluorescence properties of alkoxyamine-functionalized fluorophores, in contrast to 

hydrazines, do not appear to be significantly perturbed by reaction with ketones or 

aldehydes.25 In another approach, Reymond and coworkers prepared weakly fluorescent 

alkoxyamine-substituted coumarin 4 (Fig. 4).26 After oxime formation (5), elimination 

yields nitrile and the highly fluorescent coumarin phenolate product 6. This elimination can 

be promoted through the use of higher pH or bovine serum albumin additive. The authors 

used these probes to detect biologically relevant aldehydes in vitro. While this strategy does 

not generate stable adducts, a reinvestigation of this approach in the context of 

bioorthogonal chemistry may be worth pursuing.

Progress has been made in the development of smart probes suitable for the detection of 

aldehyde-functionalized biomolecules, yet the design of new probes, especially those based 

off alkoxyamines, is an important future direction. Likewise, the identification of alternative 

reagents that rapidly form stable adducts with ketones or aldehydes under aqueous 

conditions will provide new avenues for the visualization of these functional groups in 

biological systems.27,28

The Staudinger Ligation

The Staudinger ligation is a modification of the original Staudinger reduction of an azide by 

phosphines. Diverging from the Staudinger reduction, the intermediate aza-ylide is 

intercepted by a nearby ester, resulting in the formation a phosphorane, which collapses to 

form a phosphine oxide and a stable amide linkage (Fig. 5).29 As the two reaction partners 

are completely abiotic, selective ligation can occur in all biological compartments, in 

contrast to aldehyde or ketone condensation reactions. The second-order rate constant of the 
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reaction is ~10−3 M−1s−1 in acetonitrile. Over the course of the reaction, the phosphine is 

oxidized to a phosphine oxide while the ester is cleaved to release methanol.30 These two 

processes have been exploited for the development of smart phosphine probes activated by 

the Staudinger ligation.

In the phosphine oxidation approach, Bäuerle and coworkers have demonstrated that the 

fluorescence of coumarins is sensitive to the nature of the substituent at the 3-position.31 

Thus, a coumarin functionalized with a phosphine at the 3-position was prepared by 

Bertozzi and coworkers (7, Fig. 6).32 The phosphorus lone pair may quench fluorescence 

due to ICT processes, and oxidation of the phosphine during the Staudinger ligation to form 

8 will activate fluorescence. Compound 7 showed comparable kinetics to traditional 

Staudinger probes (k = 1.5 × 10−3 M−1s−1 in 1:1 acetonitrile/water). It underwent a 60-fold 

enhancement in fluorescence quantum yield upon Staudinger ligation, to a final quantum 

yield of 0.65, suggesting that quenching was fully relieved by phosphine oxidation. 

Unfortunately, phosphine oxidation can occur in the absence of azide due to ambient 

oxygen, and the attachment of phosphines onto fluorophores can accelerate this reaction, 

likely due to the generation of high-energy intermediates. This liability of non-specific 

phosphine oxidation may also limit other strategies beyond ICT for developing smart 

phosphine probes activated by the Staudinger ligation.

To avoid this issue, a different strategy that relied on ester cleavage over the course of the 

reaction was pursued. In Förster resonance energy transfer (FRET)-based smart phosphine 

probes, a FRET quencher is attached to the alkoxide substituent of the ester while a 

fluorophore is conjugated directly to the triarylphosphine (9, Fig. 7A).33 After Staudinger 

ligation, the FRET quencher is released, revealing the fluorescence of the original 

fluorophore. This strategy was implemented by Bertozzi and coworkers using a fluorescein-

derivative conjugated to the phosphine and Disperse Red 1 as the quencher. This compound 

had similar reaction kinetics to other Staudinger ligation probes [~4 × 10−3 M−1s−1 in 1:1 

acetonitrile/phosphate buffered saline (PBS)], consistent with studies demonstrating that 

aza-ylide formation is rate determining.30

Unlike coumarin-phosphine 7, the phosphine-oxide product derived from non-specific 

oxidation of 9 remained quenched. In contrast, compound 9 underwent a 170-fold 

enhancement in fluorescence quantum yield upon Staudinger ligation to form 10, reaching a 

final quantum yield of 0.64 in pH 7.0 PBS. This FRET-based smart phosphine probe was 

suitable for the detection of azide-functionalized glycoproteins on living cells. Importantly, 

direct visualization of these glycoproteins on live cells using traditional fluorophore 

phosphine conjugates resulted in high non-specific background staining unless highly 

charged fluorophores were used, demonstrating the advantages of smart probes.34 The 

limited cell permeability of 9 has precluded its use for the visualization of intracellular 

targets. In principle, this strategy is generalizable to longer wavelength fluorophores by 

changing both the fluorophore and the quencher. Finally, as FRET efficiency varies as a 

function of 1/r6, (r = distance from donor to acceptor), versions of this probe with more 

tightly-linked fluorophore and quencher should show even higher enhancement upon 

ligation.
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This strategy was also used by Bertozzi and coworkers to develop a smart probe for 

bioluminescence imaging through the use of a caged luciferin (11, Fig. 7B).35 Acylation of 

luciferin blocks processing by luciferase to generate light.36 Only upon release of free 

luciferin after Staudinger ligation is a suitable substrate for luciferase available and 

bioluminescence observed. The selectivity of this probe was demonstrated by 

bioluminescence signal in cultured cells only in the presence of azide-functionalized 

glycoproteins. The inherent sensitivity of bioluminescence imaging allowed for azide 

detection using nanomolar concentrations of probe, orders of magnitude lower than required 

for fluorescence-based methods. In principle, this caging strategy can be used with any 

fluorophore in which acylation or alkylation results in a significant reduction in 

fluorescence. A limitation, however, of this strategy is that it would not yield a covalently-

attached fluorescent adduct, reducing spatial resolution.

Finally, phosphines containing other electrophilic traps have also been developed, most 

notably in the context of the “traceless” Staudinger ligation for native amide bond formation 

in peptide synthesis.37,38 For bioorthogonal labeling applications, this may be advantageous 

when the bulky triarylphosphine oxide adduct is not desirable. These phosphines have been 

used as a platform for bioorthogonal smart probes in the context of drug delivery, where 

active drug is released upon reaction.39 While the Staudinger ligation has been supplanted 

by newer bioorthogonal reactions with more rapid kinetics, its exquisite selectivity, 

especially in the context of in vivo applications, provide motivation for further advances in 

smart probe design.40

Azide-Alkyne Click Cycloadditions

The azide-alkyne “click” cycloaddition is one of the most widely used bioorthogonal 

reactions. The reaction occurs in the presence of Cu(I) catalyst or in the absence of copper 

through the use of strained cyclooctynes to form stable triazole linkages (Fig. 8).41–43 The 

second-order rate constant of the copper-free cycloaddition with the parent cyclooctyne is 

~10−3 M−1s−1 in acetonitrile. Modifying the electronics of the cyclooctyne or increasing ring 

strain via aryl/cyclopropane ring fusions and heteroatom incorporation have increased the 

rate constants to over 1 M−1s−1 in acetonitrile.43–49 The most efficient ligands for copper-

catalyzed click reactions produce reaction rates greater than 104 M−1s−1 with respect to 

concentration of copper catalyst.50–53 Earlier contributions to this area of fluorogenic click 

probes, through 2010, have been reviewed by Wang and coworkers.54 Unlike the Staudinger 

ligation, where ester cleavage provided a general approach for the design of activatable 

probes, such strategies are not readily apparent in azide-alkyne click cycloadditions. 

Triazoles are components of many fluorophores, but these examples are highly dependent on 

the substitution pattern of both the alkyne and azide reaction partner. As a result, 

regenerating triazole-containing fluorophores by click reaction will not be a broadly 

applicable strategy for the visualization and detection of tagged biomolecules.55–59

Significant progress has been made in the development of smart azide probes activated by 

cycloaddition with alkynes. These probes commonly take advantage of the fact that the lone 

pair of the proximal azide nitrogen is delocalized into the triazole after click reaction, and 

thus cannot participate in fluorescence quenching. A significant advantage of preparing 
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azide probes is their ease of synthesis, as the azide can be readily prepared from amines and 

is tolerant of a variety of synthetic operations, making the preparation of large fluorophore 

libraries fairly straightforward.

The first smart azide probes were the azidocoumarins reported by Wang and coworkers.60 

Similar to the previously described smart coumarin-phosphine probe 7, introduction of an 

azide into the 3-position of coumarins also significantly quenches fluorescence via ICT. 

Upon reaction with alkynes, the lone pair of the azide is delocalized into the triazole and 

fluorescence is enhanced. Wang and coworkers prepared a panel of azidocoumarins via an 

efficient and modular route. Of these compounds, 3-azido-7-hydroxycoumarin (12, Fig. 9) 

showed the most impressive fluorescence enhancement upon click reaction, around several 

hundred-fold in pH 7.4 PBS, to yield a highly fluorescent triazole product. The robust 

enhancement in fluorescence of this probe and its decent water solubility and cell 

permeability have made this probe a popular choice for the detection of alkynes on 

intracellular and extracellular targets in biological systems.61,62 By replacing the hydroxyl 

group with other electron donating groups such as amines, excitation and emission maxima 

of these azidocoumarins is shifted to longer wavelengths, but fluorescence enhancement is 

also diminished.

The 1,8-naphthalimide system has also been used for developing smart azide probes.63 

Again, the presence of an azide in 4-position of naphthalimide (13) quenches fluorescence 

via ICT. After triazole formation, quenching is relieved and fluorescence is enhanced. 

Quenching via ICT may also be operant in other scaffolds, such as in azide-functionalized 

BODIPY, benzothiazole, and carbazoles (14–16), although other factors may be at 

play.64–67

The lone pair of azides can also quench fluorescence via photoinduced electron transfer 

(PeT), which differs from ICT in that the azide is electronically decoupled from the 

fluorophore in the ground state.68 Wang and coworkers showed that azide-functionalized 

anthracene compounds undergo an up to 75-fold increase in fluorescence upon triazole 

formation (17, Fig. 10).69 The absorption of these compounds remained constant during the 

click reaction, consistent with a PeT mechanism.

Bertozzi and coworkers took advantage of PeT from the pendant aryl ring of xanthene 

fluorophores to develop smart azide probes.70 Xanthene fluorophores exhibit visible light 

excitation and emission, minimizing complications from background autofluorescence in 

biological samples. Nagano and coworkers have elegantly demonstrated that PeT efficiency 

in fluoresceins can be predicted using computational chemistry.71 Bertozzi and coworkers 

reasoned that the change in electron density of the pendant aryl azide to an aryl triazole 

would result in significant fluorescence enhancement if the proper substituents on the 

pendant aryl ring were present. After screening for these proper substituents using 

computational methods, they identified an azidonaphthyl-substituted fluorescein, 18, which 

underwent a 34-fold enhancement in fluorescence quantum yield upon triazole formation in 

pH 7.4 PBS and was suitable for the visualization of terminal alkyne-functionalized 

glycoproteins in fixed mammalian cells.
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Given the generality of PeT, smart azide probes with near-infrared emission were next 

developed by Bertozzi and coworkers. At these wavelengths, background fluorescence from 

endogenous biomolecules is minimal and tissue penetrance highest. These probes were 

designed around the Si-rhodamine scaffold developed by Nagano and coworkers, and were 

identified using the same strategy as for the fluorogenic azidofluoresceins.72,73 One azido-

Si-rhodamine, 19, underwent a 48-fold enhancement in fluorescence quantum yield upon 

triazole formation in pH 7.4 PBS. Water-soluble versions of 19 were well-suited for the 

visualization of linear alkyne-functionalized glycoproteins on the surface of live mammalian 

cells and cyclooctyne-functionalized peptidoglycan in the Gram-positive bacteria. The 

fluorescence quantum yields of the triazole products, derived from 18 and 19, 0.8 and 0.2, 

respectively, suggest that PeT quenching is fully relieved following click reaction. Finally, 

this PeT strategy should be generalizable to other fluorophore scaffolds beyond xanthenes.74

An interesting property of these two probes is that the reduction of aryl azides, a potential 

degradation pathway in biological systems by endogenous thiols, results in a further 

reduction in fluorescence.75 This may be advantageous for the labeling of intracellular 

targets, as fluorescence from unreacted probe is minimized over time. In contrast, this 

degradation pathway can be problematic if azide reduction results in a dramatic 

enhancement in fluorescence.63

A limitation of azide-functionalized probes is that they require either the incorporation of 

relatively bulky cyclooctynes or the use of a copper catalyst. Recent progress in increasing 

the biocompatibility of copper-click reactions have utilized copper-chelating groups on 

azide probes, which minimizes the amount of copper necessary for the reaction and enables 

labeling of intracellular linear alkynes.76,77 Further advances in this area may further expand 

the scope of biomolecules that can be visualized by azide-functionalized smart probes.

Unlike azides, alkynes do not have a lone pair to inherently quench fluorescence via charge 

transfer pathways. Smart alkyne probes are therefore more challenging to design and the 

mechanisms by which these probes operate may be difficult to rationalize. In seminal work 

by Fahrni and coworkers, they discovered that coumarins containing an alkyne at the 7-

position undergo an enhancement in fluorescence upon triazole formation (20, Fig. 11).78,79 

The more electron-donating character of the triazole relative to the alkyne lowers the energy 

of the (π,π*) state well below the (n,π*) state. This prevents fluorescence quenching via 

(π,π*)1−(n,π*)3 intersystem crossing, and results in a 18-fold enhancement in fluorescence 

quantum yield upon click reaction.

Other smart alkyne probes have also been identified by rapid access to libraries of probes via 

Sonogashira coupling. For example, a panel of six alkynyl xanthene compounds were 

prepared and reacted with a set of 17 azide probes – this combinatorial approach led to the 

identification of a combination of alkyne probe, azide, and solvent which resulted in a 9-fold 

enhancement in brightness upon triazole formation (21).80 In addition, smart alkynyl 

naphthalimides, benzothiazoles, and benzoxadiazoles are known (22–24).63,81–83 Of these 

probes, alkynyl coumarins, naphthalimides, and benzothiazoles have been shown to be 

suitable for the detection of azide-functionalized biomolecules in biological systems.63,82,84
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Smart cyclooctynes combine the advantages of the azide as a reporter group, such as small 

size and good stability, with the ability to react in the absence of potentially cytotoxic 

copper catalyst. The difficulty in synthesizing cyclooctynes, however, has hampered the 

preparation of fluorescent cyclooctynes for evaluation. Still, several pioneering examples 

exist of such smart cyclooctyne probes.

The alkynyl coumarin identified by Fahrni and coworkers has been adapted for copper-free 

click chemistry by incorporating the alkyne as part of a cyclooctyne (25, coumBARAC). 

Upon reaction with azides, the compound showed a 10-fold enhancement in fluorescence 

quantum yield.85 More recently, Boons and coworkers reported a cyclooctyne (26, Fl-

DIBO) which undergoes an impressive 1300-fold enhancement in brightness upon reaction 

with azides.86 Computational studies suggested that fluorescent activation of this probe was 

due to an enhancement in oscillator strength of the S0 – S1 transition upon triazole 

formation. Cyclooctynes may suffer from background labeling of proteins due to reactions 

with thiols.87 For a typical cyclooctyne fluorophore conjugate, this will result in 

fluorescence background. On the other hand, Fl-DIBO did not exhibit fluorescence turn-on 

due to this side reaction. Importantly, both coumBARAC and Fl-DIBO showed reactivity 

with azides comparable to their parent cyclooctynes.

Nitrile Imine-Alkene Cycloadditions

Nitrile imines react readily with alkenes under physiological conditions to form pyrazolines 

(Fig. 12A). These nitrile imines can be generated by photolysis of tetrazoles (“photo-click” 

chemistry), with the expulsion of nitrogen gas.88,89 The initial photolysis occurs with good 

efficiency, but a drawback is the requirement of UV activation (originally 302 nm for 27), 

which leads to phototoxicity after prolonged exposure. Modifications of the structure of 

these tetrazoles allow for longer wavelength activation, such as at 365 or 405 nm (28, Fig. 

12B).90 Tetrazole 29, which can be activated using two-photon excitation with a 700 nm 

laser, further minimizes this limitation.91 Alternatively, the intermediate nitrile imines can 

also be generated spontaneously by decomposition of hydrazonoyl chlorides such as 30 at 

neutral pH.92–94 This is advantageous in situations where photolysis of the tetrazole may 

result in damage to biological samples, although the benefits of photoactivation, such spatial 

and temporal control, are lost.

Increasing the electron density of the nitrile imine, decreasing the electron density of the 

alkene, or increasing the strain of the alkene all result in an enhancement in the rate of 

cycloaddition. Recent reports have shown that by increasing the strain of the alkene, through 

the use of cyclopropenes or spirohexenes, the rate of the cycloaddition can increase 

dramatically, greater than 104 M−1s−1 for spirohexenes in 1:1 acetonitrile/chloride-free 

phosphate buffer (Fig. 12C).95,96

A notable feature of this reaction is that, unlike the starting tetrazole or hydrazonoyl 

chlorides, the product pyrazolines are highly fluorescent, which makes these probes 

inherently fluorogenic. The resulting fluorophores typically have excitation maxima in the 

ultraviolet and emit cyan to green fluorescence. While the intermediate nitrile imine is 

unstable and can form byproducts from hydrolysis or dimerization, these compounds are not 
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fluorescent, providing an excellent strategy to visualize alkene-tagged molecules, including 

intracellular targets, in living systems. Some fluorescence background, however, may result 

from weakly fluorescent nitrile imine intermediates.97

To shift the emission wavelengths of the resulting pyrazoline fluorophores to the red or near 

infrared, Lin and coworkers conjugated the tetrazole to heteroaromatic systems such as 

thiophenes. These oligothiophene-conjugated tetrazoles, such as 31, form pyrazoline 

products with emission wavelengths greater than 600 nm.98

The Tetrazine Ligation

Tetrazines are electron deficient heterocycles that undergo rapid inverse electron-demand 

Diels-Alder reactions with strained alkenes and alkynes (Fig. 13).99,100 After cycloaddition 

with alkenes, nitrogen is extruded via a retro Diels-Alder reaction to yield a stable 

dihydropyridazine adduct. These reactions can have second-order rate constants greater than 

104 M−1s−1 in organic solvents, depending on the tetrazine and alkene/alkyne reaction 

partners used, permitting efficient and quantitative conversion to product with low 

concentrations of reagents. In general, monosubstituted tetrazines (R = aryl, R’ = H) show 

the highest reactivity, but also suffer from stability issues in the presence of water or 

biologically relevant nucleophiles. Tetrazine stability is dramatically enhanced by changing 

the substituents, for example, to R’ = Me or R,R’ = 2-pyridyl groups.99,101 In terms of 

dienophile reaction partner, trans-cyclooctenes afford the highest kinetics, which can be 

further enhanced by cyclopropane ring fusion (Fig. 13A).102 A potential limitation of these 

highly reactive trans-cyclooctenes is isomerization to the more stable but less reactive cis 

isomer in the presence of thiols.102 More recently, cyclopropenes have been described that 

combine small size and stability with good kinetics, greater than 10 M−1s−1 in 7:1 H2O/

DMSO (Fig. 13B).103,104 Finally, tetrazines also undergo cycloadditions with sterically 

unhindered cyclooctynes to form pyridazine adducts (Fig. 13C).105

Tetrazines absorb visible light, with an absorption maximum of around 520 nm. Weissleder 

and coworkers showed that a series of green-to-red fluorophores are efficiently quenched by 

tetrazines via FRET, with up to a 20-fold enhancement in fluorescence after destruction of 

the tetrazine upon Diels-Alder cycloaddition (32 to 33, Fig. 14A).106 In separate work, Chin 

and coworkers demonstrated that tetrazines can also quench longer wavelength fluorophores 

such as tetramethylrhodamine (34), although the fluorescence enhancement was less 

pronounced, possibly due to increased tetrazine-fluorophore separation (Fig. 14B).107

Weissleder and coworkers next evaluated a panel of these tetrazine-fluorophore conjugates 

for live cell imaging.108 While these conjugates demonstrated good fluorogenic properties in 

vitro, their performance in the context of visualizing trans-cyclooctene-functionalized small 

molecules bound to intracellular protein targets varied. They found that carboxyfluorescein 

diacetate (CFDA) tetrazine conjugate 35 performed best for intracellular imaging in live 

cells (Fig. 14C). This compound is virtually non-fluorescent, as acetylation causes the 

fluorophore to exist in a spirolactonized form. The acetates are cleaved by intracellular 

esterases, revealing free fluorescein 36 (which remains quenched by tetrazine until 

cycloaddition). Other groups have also had success in applying this CFDA-tetrazine probe 
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for intracellular labeling of trans-cycloctene and cyclooctyne functionalized proteins in 

living cells.109,110

By decreasing the distance of the tetrazine to the fluorophore, FRET efficiency can increase 

dramatically. The close proximity of the tetrazine may allow for other quenching pathways, 

such as through bond energy transfer (TBET), which may not be possible if the tetrazine is 

connected to the fluorophore via a flexible linker.111–112 The first realization of this strategy 

was a series of BODIPY-tetrazine conjugates where the tetrazine was directly attached off 

the BODIPY core with a rigid phenyl linker (36–38, Fig. 15A).113 Notably, compound 37, 

the best of the three, underwent a 1600-fold enhancement in brightness upon reaction with 

trans-cyclooctene. To demonstrate that TBET was operative, BODIPY-tetrazine 38 was 

synthesized. This compound arranges the BODIPY and tetrazine groups such that their 

transition dipoles are nearly perpendicular. While this alignment should prevent efficient 

FRET, a 120-fold enhancement in fluorescence was still observed upon reaction with trans-

cyclooctenes, suggesting that other quenching pathways were at play. Finally, minimal 

influence of solvent polarity on fluorescence ruled out PeT. After cycloaddition, the 

fluorescence quantum yields of these compounds reached up to 0.8, indicating that 

quenching was fully relieved upon tetrazine ligation. The suitability of this fluorophore for 

biological applications was demonstrated by imaging trans-cyclooctene-functionalized 

antibodies on both fixed and live cells.

To expand on this approach in the context of multicolor imaging, Weissleder and coworkers 

synthesized a panel of rigidly-linked coumarin-tetrazine conjugates (39–42, Fig. 15B).114 

Since TBET permits donors to excite significantly red-shifted acceptors, tetrazines may 

efficiently quench shorter-wavelength emitting fluorophores such as the blue-emitting 

coumarins. The coumarin-tetrazine conjugates were designed such that transition dipoles of 

the coumarin fluorophore and the tetrazine aligned significantly to maximize contributions 

from FRET in addition to TBET. This resulted in extremely efficient fluorescent quenching 

which was relieved upon tetrazine ligation, resulting in an up to an impressive 11,000-fold 

enhancement in fluorescence to final quantum yields of 0.3–0.5. These compounds, named 

HELIOS probes, were suitable for the detection of a variety of trans-cyclooctene-

functionalized molecules in fixed and live cells virtually immediately after incubation.

In another implementation of this strategy, Devaraj and coworkers developed a surrogate for 

vinyl-tetrazines, which could be attached to iodine-functionalized xanthene fluorophores via 

Heck coupling reactions.115 Using this strategy, they prepared Oregon Green and 

tetramethyl rhodamine fluorophores conjugated to tetrazines via a rigid styrenyl linker (43–
44, Fig. 15C). The Oregon Green probe 43 underwent a 135-fold fluorescence enhancement 

in pH 7.4 PBS upon reaction with cyclopropenes. Notably, the red-emitting 

tetramethylrhodamine was also efficiently quenched; a 42-fold enhancement in fluorescence 

was observed for 44 upon reaction with cyclopropene in ethanol. Importantly, these styrenyl 

tetrazines remained highly reactive, with rate constants of over 100 M−1s−1 in 1:1 DMF/pH 

7.4 PBS for reactions with trans-cyclooctene. Rigid xanthene-tetrazine conjugates can also 

be prepared using other synthetic strategies, although increased donor-acceptor distance 

decreases the efficiency of fluorescence quenching.116
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Interestingly, the dihydropyridazine adduct from reaction of 43 or 44 with trans-cyclooctene 

was partially oxidized to the pyridazine. Devaraj and coworkers completed this oxidation by 

treatment with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) before performing 

fluorescence measurements. This DDQ oxidized product was more fluorescent than the 

cycloadducts with cyclopropene – a 400-fold enhancement in fluorescence was observed for 

43 while a 76-fold enhancement in fluorescence was observed for 44. In principle, these 

products can also arise from reaction with cyclooctynes instead of trans-cyclooctenes. The 

superior fluorescence enhancement upon alkyne-tetrazine vs. alkene-tetrazine cycloaddition 

was also recapitulated in a separate study of NIR-fluorophore tetrazine conjugates.117 

Although the product from tetrazine-cyclooctene cycloaddition resulted in no fluorescence 

enhancement, consistent with previous observations, the product from the tetrazine-

cyclooctyne cycloaddition resulted in a 1.6-fold enhancement in fluorescence. The origin of 

these differences may be worthy of further investigation.

One potential limitation of these probes is that tetrazines may degrade by other pathways 

besides the bioorthogonal reaction, which will also relieve FRET quenching. Methyl 

tetrazines, in contrast to monosubstituted tetrazines, have been shown to be highly stable in 

serum.100 In addition, Devaraj and coworkers showed that their xanthene-tetrazine 

conjugates were stable in both aqueous buffer and in the presence of a large excess of 

cysteine, demonstrating that these degradation pathways should not contribute to 

background fluorescence for their fluorogenic tetrazine probes.115

The scope of smart tetrazine fluorophores utilizing FRET or TBET is inherently limited by 

the absorption wavelengths of tetrazines. This may be addressed through modification of the 

tetrazine to change its absorption properties, which will expand the scope of fluorophores 

that can be efficiently quenched via these strategies.

A recent report from Robillard and coworkers described a trans-cyclooctene that releases 

amine-functionalized cargo upon reaction with tetrazine (45, Fig. 16). After cycloaddition 

with tetrazine, the dihydropyridazine product 46 undergoes a β-elimination of carbamate, 

which liberates the free amine after decarboxylation.118 The cycloaddition rate of 45 was 

diminished 20-fold compared to the the parent trans-cyclooctene due to the steric hindrance 

from the carbamate. Still, both cycloaddition and elimination steps were sufficiently rapid 

such that a majority of the cargo was released within minutes after the addition of sub-

millimolar concentrations of tetrazine. While this strategy was used for drug delivery, 

attachment of a fluorescent probe and a quencher or simply a caged fluorophore will 

produce a smart trans-cyclooctene imaging probe, similar to the smart Staudinger ligation 

probes. One caveat, however, is that this strategy requires the use of a tetrazine as a reporter 

group, which has not been as widely used as strained alkenes.119

Selected Applications of Bioorthogonal Smart Probes

As bioorthogonal smart probes are activated only when they encounter their reaction partner, 

the signal from these probes can be used as a proxy for reaction progress. Thus, these 

probes, particularly fluorophores, have been useful tools for monitoring and optimizing 

bioorthogonal reactions. For example, smart probes have been used to track the progress of 
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small-molecule conjugation reactions onto biomolecules and glass surfaces.120,121 

Additionally, smart azide and alkyne-functionalized fluorophores have been used in the 

evaluation of new ligands and reaction partners for the copper-catalyzed azide-alkyne click 

reaction.52,53,63,76,77 Reaction partners with higher rate constants activate smart probes more 

rapidly. The signal from these probes can therefore be used to identify the fastest reagent 

combinations, particularly in a high-throughput fashion.

The rate of activation of bioorthogonal smart probes not only depends on reaction rate 

constant but also on reagent concentration. The signal from these probes can consequently 

be used to determine the concentration of its reaction partner in solution. This enables, for 

example, the rapid determination of concentrations of tagged metabolites retrieved from 

biological systems.

More interestingly, reaction rate also depends on the effective concentration of the two 

reagents. If the two bioorthogonal reaction partners are held in close proximity, their 

effective concentration and thus reaction rate can increase dramatically.122 Ligand-receptor 

and protein-protein binding interactions, among others, are mediators of signaling processes 

in biology. Our understanding of these processes can be greatly augmented by technologies 

that enable the visualization or detection of these interactions in living systems. A 

bioorthogonal smart probe and its reaction partner conjugated onto the two different binding 

partners will more rapidly produce signal if binding occurs. Care must be taken, however, in 

choosing the attachment sites of the bioorthogonal reagents to minimally perturb binding.

Aside from detecting binding interactions, bioorthogonal smart probes can be used to sense 

specific isoforms and post-translational-modification states of proteins or specific sequences 

of oligonucleotides. In this approach, effectively a bioorthogonal “AND” switch, the smart 

probe and its reaction partner are conjugated onto two groups targeted to different sites of a 

specific biomolecule. If the two targeting groups can bind the same molecule, the 

bioorthogonal reagents will be held in close proximity and reaction is accelerated.

One implementation of this strategy is the sequence-specific detection of DNA in living 

systems (Fig. 17).123 The two bioorthogonal reaction partners are conjugated to two 

different oligonucleotides. Only in the presence of a template strand of DNA that can 

hybridize with both oligonucleotides will the rapid fluorescence activation of the smart 

probe occur. Examples of this approach use the Staudinger ligation or azide-alkyne/

tetrazine-cyclopropene cycloadditions.124–126 Of these examples, only tetrazine- and 

cyclopropene-functionalized oligonucleotides have been shown to capably detect template 

DNA inside of living mammalian cells. Importantly, mismatches in the hybridized DNA 

significantly reduce reaction rate, resulting in sequence-specific detection.

Finally, the nitrile imine-alkene cycloaddition has been used by Lin and coworkers as a 

platform to develop photoactivatable probes that are suitable for visualizing trafficking 

processes or for superresolution imaging (47, Fig. 18).127 While the kinetics of the 

cycloaddition with unfunctionalized terminal alkenes are modest, the reaction rate can be 

enhanced dramatically by using an intramolecular variant of the reaction. Indeed, these 

probes were fully converted to fluorescent pyrazoline product 48 within minutes of 
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irradiation with a handheld 302 nm UV lamp. By attaching these probes to a Taxol 

derivative, Lin and coworkers were able to visualize microtubules in live cells, albeit using 

conventional microscopy techniques. In principle, other bioorthogonal reactions may use 

this same strategy for the development of photoactivatable fluorescent probes.128

Conclusion

While significant progress has been made in the development of new bioorthogonal 

chemistries, these efforts are aided by the development of better, smarter probes for these 

reactions. The fluorescent probes described here have enabled the visualization and 

detection of tagged biomolecules with ever higher sensitivity, while the caged probes hold 

promise for the selective delivery of drugs or imaging agents. Further advances in probe 

development, such as probes based off other imaging modalities, and novel applications of 

these probes will expand the versatility of bioorthogonal chemistry to aid our understanding 

of biological systems.
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Fig. 1. 
(A) Bioorthogonal reactions enable the selective modification of biomolecules. (B) 

Fluorescent smart probes undergo an enhancement in fluorescence upon bioorthogonal 

reaction. (C) Caged compounds deliver their cargo only after bioorthogonal reaction.
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Fig. 2. 
The condensation of aldehydes with alkoxyamines or hydrazines/hydrazides to form oximes 

or hydrazones, respectively.
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Fig. 3. 
Smart hydrazine probes. Hydrazine-functionalized nitrobenzoxadiazole (1), BODIPY (2), 

and coumarin (3). Spectroscopic properties correspond to the hydrazone products derived 

from these probes (benzaldehyde adduct for 1, propiolaldehyde adduct for 2, and 

salicylaldehyde adduct for 3).
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Fig. 4. 
Aldehyde detection via oxime bond fragmentation. After formation of oxime 5, 

fragmentation produces a nitrile and the free phenolate 6.
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Fig. 5. 
The archetypical Staudinger ligation. The phosphine reacts with an azide to generate a stable 

amide linkage and phosphine oxide with concomitant release of methanol.
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Fig. 6. 
A smart phosphine probe activated by phosphine oxidation during the Staudinger ligation. 

Spectroscopic properties correspond to the product derived from reaction of 7 with an 

aliphatic azide.
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Fig. 7. 
Phosphine probes activated by ester cleavage in the Staudinger ligation. (A) A FRET-based 

smart phosphine probe (9) where a quencher is released upon Staudinger ligation. 

Spectroscopic properties correspond to the product derived from reaction of 9 with benzyl 

azide. (B) A caged luciferin-phosphine conjugate (11) that releases free luciferin upon 

Staudinger ligation.
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Fig. 8. 
The copper-catalyzed and copper-free click reactions between alkynes and azides to form 

triazoles.
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Fig. 9. 
Various smart azide probes quenched by ICT: 3-azido-7-hydroxycoumarin (12) and azide-

functionalized 1,8-naphthalimide (13), BODIPY (14), benzothiazole (15), and carbazole 

(16). Spectroscopic properties correspond to representative triazole products derived from 

these azide probes.
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Fig. 10. 
Smart azide probes utilizing PeT: azide-functionalized anthracene (17), fluorescein (18), and 

Si-rhodamine (19, R = oligoethylene glycol groups). Spectroscopic properties correspond to 

representative triazole products derived from these azide probes.
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Fig. 11. 
Smart alkyne and cyclooctyne probes activated by reactions with azides: linear alkynes 

include 7-alkynyl coumarin (20, R = methyl or alkoxymethyl) and alkyne-functionalized 

xanthene (21), 1,8-naphthalimide (22), benzothiazole (23), and benzoxadiazole (24), while 

cyclooctynes include coumBARAC (25) and Fl-DIBO (26). Spectroscopic properties 

correspond to representative triazole products derived from these alkyne probes.
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Fig. 12. 
The nitrile imine-alkene cycloaddition reaction. (A) The intermediate nitrile imine can be 

generated by photolysis of a tetrazole or by spontaneous decomposition from hydrazonoyl 

chlorides. The nitrile imine can then undergo cycloaddition with alkenes to form a stable 

pyrazoline product. (B) Structures of selected tetrazoles and hydrazonyl chlorides that 

produce fluorescent pyrazolines upon nitrile imine formation and alkene cycloaddition: an 

electron rich tetrazole (27), a 365 nm activatable tetrazole (28), a two-photon activatable 

tetrazole (29), a hydrazonyl chloride (30), and a tetrazole that produces long-wavelength 
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emitting pyrazolines (31). R, R’ = solubilizing groups. (C) Various alkene reaction partners 

that undergo rapid cycloadditions with nitrile imines: acrylamides, norbornenes, 

cyclopropenes, and spirohexenes.
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Fig. 13. 
The tetrazine ligation. Tetrazines react rapidly with (A) strained trans-cyclooctenes (B) 

cyclopropenes, or (C) cyclooctynes to yield stable adducts.
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Fig. 14. 
Smart tetrazine conjugates containing flexible linkers and well-suited for imaging alkenes in 

biological systems. (A) BODIPY-tetrazine conjugate 32. As the tetrazine is consumed by 

cycloaddition to form 33, FRET quenching is relieved and fluorescence is restored. (B) A 

tetramethylrhodamine-tetrazine conjugate. (C) Carboxyfluorescein diacetate-tetrazine 

conjugate 35. The acetates are cleaved by intracellular esterases to reveal the free 

fluorescein 36. Spectroscopic properties correspond to cycloaddition products of the 

corresponding tetrazine probes.

Shieh and Bertozzi Page 32

Org Biomol Chem. Author manuscript; available in PMC 2015 December 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 15. 
Rigidly linked smart tetrazine probes: tetrazine-functionalized (A) BODIPYs (36–38), (B) 

coumarins (39–42), and (C) xanthenes (43–44). Spectroscopic properties of compounds 36 
to 42 correspond to the products derived from cycloaddition with trans-cyclooctene. For 

compounds 43 and 44, spectroscopic properties correspond to products derived from 

cycloaddition with cyclopropene or with trans-cyclooctene (and subsequent oxidation), 

respectively.
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Fig. 16. 
A smart trans-cyclooctene probe (45) for drug delivery. Cycloaddition with tetrazines to 

form dihydropyridazine 46 results in elimination of the carbamate group to release its 

amine-functionalized cargo.
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Fig. 17. 
DNA template-accelerated bioorthogonal reactions of smart probes for sequence-specific 

detection of DNA.
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Fig. 18. 
A rapidly photoactivatable tetrazole probe.
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