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Optical imaging enables real-​time, non-​invasive detec-
tion of the localization, trafficking and activity of 
biomolecules in cells, tissues and even whole organ-
isms with high spatiotemporal resolution and high 
sensitivity1. To correlate signal with molecular status 
or biological events in living systems, many ‘always on’ 
probes with the targeting or binding capability towards 
biomarkers have been developed2. However, as a result 
of nonspecific interactions, they have poor signal spec-
ificity and low signal-​to-​background ratio. By contrast, 
probes that are activated to fluoresce or chemilumines-
cence only after interaction with a biomarker of interest 
give rise to higher signal-​to-​background ratio and lower 
limit of detection, improving the performance of optical 
imaging for both in vitro and in vivo settings3. As such, 
the development of activatable probes has led to a better 
understanding and diagnosis of diseases such as cancer4, 
neurodegenerative diseases5, acute organ failure6,7 and 
bacterial infection8.

The construction of activatable probes requires 
multidisciplinary efforts that involve chemistry to design 
favourable fluorophore skeletons with ‘off-​on’ proper-
ties, biology to validate molecular targets and detection 
ability, and medicine to evaluate diagnostic capabil-
ity in preclinical and even clinical settings9. To date,  
a variety of activatable probes have been developed to 
detect metal ions10, small signalling molecules11, cellular 

microenvironments12,13, redox states and many other 
possible targets11,14,15. A general strategy is to conjugate 
an organic fluorophore or luminescent nanoparticle-
with a recognition moiety such that trapping or react-
ing with a specific biomarker or molecular event leads 
to the signal switching from an ‘off ’ state to an ‘on’ state 
and, thus, indicates both the presence and the level of 
the biomarker16. However, such a one-​to-​one molecular 
design principle can still produce ‘false positive’ signals 
as a result of the difficulty posed by accurate recogni-
tion in complex biological milieu, because the undesired  
target sites often have moderate concentrations of bio-
markers and the probe can be nonspecifically activated 
during transit17. In addition, single-​locked probes are 
unable to detect two interlinked biomarkers or mole
cular events in targeted or diseases sites. Although coad-
ministration of two different single-​locked probes has  
the potential to simultaneously image two different 
biomarkers or molecular events, the different penetra-
tion capabilities, pharmacokinetics and metabolisms 
of single-​locked probes can affect their behaviour and 
sensing ability in bioimaging applications.

The father of molecular logic, A. P. de Silva18, 
has inspired numerous scientists to use logic-based 
approaches towards multianalyte sensing19. As mole
cular logic gates, dual-​locked probes are able to respond 
to two different inputs with one or more outputs 
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(optical signals)20. For instance, a dual-​locked probe 
might incorporate two responsive sites, allowing for 
dual stimuli (for example, two biomarkers or a bio-
marker combined with photoirradiation); they might 
also contain one responsive unit that undergoes a spe-
cific chemical change to expose a second responsive 
site. Thus, unimolecular dual-​locked probes overcome 
many disadvantages of single-​locked probes and display 
significantly reduced signal crosstalk and increased spa-
tial resolution21. The ability to provide a response only 
when specific biomarkers are presented in a particular 
sequence can be especially important in the accurate 
monitoring of living organisms, producing specific signal 
output information as a result of intelligent recognition22. 
Furthermore, real-​time simultaneous imaging of multi-
ple biomarkers using unimolecular dual-​locked probes 
enables investigation of the fundamental correlation 
between biomarkers and discrimination between them 
within pathological pathways in living organisms, but, 
perhaps more importantly, can also improve the accuracy 
of disease diagnosis23.

In this Review, we summarize progress towards the 
development of dual-​locked probes for bioimaging 
in living systems. We specifically focus on different 
chemical constructions that have been used to generate 
dual-​locked probes with bespoke optical properties and 
to facilitate their specific activation towards different bio-
markers. Our aim is to provide an overview of the tools 
and tactics currently available for detecting two biomark-
ers or one biomarker combined with another stimulus 
(such as photoirradiation) in biological environments 
using this dual-​locked approach. Alongside this goal, 
we begin by describing different design strategies used 
in the construction of dual-​locked probes and highlight 
a selection of representative examples for detecting bio-
logically important biomolecules. We close with a dis-
cussion of current and future challenges in the field, with 
particular emphasis on the unmet needs for functional 
dual-​locked probes.

Sequentially activated optical probes
In contrast to simple single-​locked probes, dual-​locked 
probes do not respond to a single biomarker. Rather, 
they are selectively activated by the correct combination 
and sequence of triggers. In this context, we highlight 
typical examples of dual-​locked probes using a sin-
gle optical channel (Figs 1a,2a), exhibiting a sequential 
strategy for imaging and differentiation of biomarkers 
or biological events.

Near-​infrared (NIR) light can interact with photo
sensitizers to generate singlet oxygen (1O2) from O2, 
which can, in turn, react with chemiluminescent 
precursors, enabling chemiluminescence imaging24. 
Recently, probes DCm-​gal-​CF and Qm-​B-​CF (Fig. 1b) 
were reported to facilitate bright chemiluminescence 
imaging of β-​galactosidase and H2O2, respectively25. 
Specifically, the locking groups d-​galactose and a boro-
nated ester can be cleaved by β-​galactosidase and H2O2, 
respectively, resulting in uncaged chemiluminescent 
precursors. Upon white light irradiation, the precur-
sors can be oxidized to form the 1,2-​dioxetane chemi-
luminescence substrate, followed by decomposition, 

resulting in the emission of strong chemiluminescence 
signals. In addition to imaging, such sensing mech-
anisms have been expanded to include therapeutic 
function by Pu and colleagues26. PeG-​Ae-5-​DFUr was 
composed of an adamantylidene enol ether conjugated 
with a chemotherapeutic 5′-​deoxy-5-​fluorouridine 
(5-​DFU) using a H2O2 cleavable phenylboronic ester 
locking group (Fig. 1c). The prodrug (PeG-​Ae-5-​DFUr) 
and a NIR photosensitizer (silicon 2,3-​naphthalocyanine  
bis(trihexylsilyloxide)) were co-​encapsulated into nan-
oparticles, affording APtN. Upon accumulation of APtN 
in the tumour of living mice following intravenous injec-
tion, the boronic ester locking group of PeG-​Ae-5-​DFUr 
was specifically cleaved by the tumour-​upregulated H2O2 
to release 5DFUR. The uncaged adamantylidene enol 
ether could then react with 1O2 produced by the photo-
sensitizer upon laser irradiation of the tumours to afford 
the 1,2-​dioxetane chemiluminescence substrate and, in 
turn, luminescence (Figs 1d,e). Thus, in a locally control-
lable way, the theranostic responses are triggered by a 
cancer biomarker and the luminescence signals correlate 
with the drug release status.

Photocleavage induced by light has been applied 
as a trigger for dual-​locked probes (probes 1–3, 
Fig. 1f). A photoactivatable zinc probe 1 that contains 
a dichlorofluorescein scaffold functionalized with two 
di-(2-​picolyl)amine receptors and two photocleava-
ble o-​nitrobenzyl groups was developed by Lippard 
and colleagues27. Upon ultraviolet (UV) light irra-
diation, photoinduced removal of the o-​nitrobenzyl 
locking group restores the binding sites, allowing for 
zinc-​responsive changes in fluorescence that could be 
observed in living HeLa cells and brain slices of mice. 
In addition, the enzyme-​photoactivatable probes 
(2 and 3) are non-​fluorescent xanthene derivatives 
owing to the locked diazoindanones and locking of the 
phenol or amine group with the acetyl or nitro groups, 
respectively28,29. Upon removal of the acetyl locking 
group by carboxylesterases or conversion of the nitro 
locking group into amine by nitroreductases, they 
become electron-​rich and can undergo Wolff rearrange-
ment under UV light irradiation. Thus, two sequential 
reactions of probes (2 and 3) produce bright rhodol 
and rhodamine analogues, enabling mapping of the 
subcellular distribution of enzymatic activity in live cells.

Sequentially activated dual-​locked probes with two 
responses have received considerable attention because 
they can only be activated by the correct combination 
and sequence of triggers. Zhang and colleagues devel-
oped the probe NmL that responds successively to the 
enzymes leucine aminopeptidase (LAP) and monoamine 
oxidase (MAO)22, both of which are upregulated in dis-
eases of the liver. NmL contains a NIR hemicyanine dye 
linked to a 4-​hydroxybenzyl and locked by a peptide-​like 
receptor consisting of a leucine and a propylamine unit 
(Fig. 2b), and, as such, was initially non-​fluorescent. The 
amide bond can be cleaved by LAP, and exposure of 
the resulting amine group to MAO leads to oxidation and 
β-​elimination to release the fluorophore, resulting in a 
red shift of the absorption peak (Fig. 2c) and an appear-
ance of strong emission at 720 nm. Importantly, NmL is 
only fluorescence-​activated in the presence of both LAP 
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and MAO but remains dark when just one of the enzymes 
is present (Fig. 2d). Such a cascade strategy requiring two 
inputs affords a lower background signal when each 
of the enzymes is only weakly expressed. This leads to 
greater accuracy for both in vivo imaging and in vitro 
serum testing to monitor drug-​induced hepatopathy 
than single-​response probes. In addition, ru-​FA was 
developed for the detection of lysosomal formaldehyde30 
(Fig. 2e). ru-​FA is non-​fluorescent owing to a photoin-
duced electron transfer (PeT) process from the Ru(II) 
centre to 2,4-​dinitrobenzene. Formaldehyde then triggers 
a 2-​aza-​Cope rearrangement reaction, resulting in a sig-
nificant fluorescence enhancement at 644 nm. Excessive 
formaldehyde levels in tumours and successful NaHSO3 

treatment to scavenge formaldehyde were confirmed 
using in vivo and ex vivo imaging. Another example is 
the highly selective coumarin–rhodamine conjugate 
(CrC) that could perform a sequential logic response to 
Hg2+ and Cu2+ (ref.31) (Fig. 2f). Only the addition of Hg2+ 
followed by Cu2+ results in noticeable fluorescence at 
575 nm. When the order of addition is reversed, the probe 
was silent, as the binding strength of Hg2+ is insufficient 
to displace Cu2+.

Signal activation and targeting
One potential issue with the aforementioned dual-​locked 
probes is the relatively low spatiotemporal selectivity and 
specificity. Following reaction with the first biomarker, 
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the probe and the generated intermediate can diffuse 
and change location easily in highly heterogeneous and 
dynamic biological milieu. To improve the spatio-
temporal selectively of dual-​locked probes, one of the 
responsive sites can be a targeting unit, and the other site 
can then be responsible for producing an obvious signal 
enhancement (Fig. 3).

Tsien and colleagues have developed a geneti-
cally targeted calcium probe Calcium Green FlAsh 
(CaGF)32. CaGF contains two appropriately spaced 
trivalent arsenic, which can covalently bind with high 
selectivity to four cysteines at the i, i + 1, i + 4 and 
i + 5 positions of a target protein33,34. Meanwhile, the 
o-​aminophenol-​N,N,O-​triacetic acid (APTRA) ami-
dated with morpholine serves as a calcium ion (Ca2+) 
receptor that exhibits high selectivity over magne-
sium ion (Mg2+) (Fig. 3b). Using this system, a fourfold 
increase in fluorescence intensity was observed when 
CaGF binds to a tetra cysteine protein motif, and the 
sequential addition of Ca2+ results in an additional 
tenfold fluorescence enhancement. CaGF was used to 
anchor tetra-​cysteine-​tagged connexin 43 and mon-
itor Ca2+ waves through gap junctions in HeLa cells. 
In a similar fashion, the Rao group has used a fluo-
rescein derivative as fluorescent reporter to develop a 
dual-​locked probe for imaging Mycobacterium tuber­
culosis (Mtb)35. With this system, CDG-​tre was activated 
by β-​lactamase (BlaC) to generate fluorescent 6-​TG-​Tre 
(Fig. 3c). The fluorescent 6-​TG-​Tre is then linked by 
antigen 85 (Ag85) enzymes into 6-​TG-​Tre-​MM, which 
is incorporated into the cell wall and stains the bac-
teria. CDG-​DNBs developed by Rao and colleagues 
represents another example of dual-​locked probes for 
Mtb36. Reaction of CDG-​DNBs with BlaC forms fluo-
rescent Fluoro-​DNB, which is then covalently linked 
to the decaprenylphosphoryl-​β-​d-​ribose 2′-​epimerase 
(DprE1) of Mtb (Fig. 3d). Another strategy, developed  
by Vendrell, Kitamura and colleagues, uses specific  
binding interactions and changes in pH of tissue micro
environments. The mCCL2-​mAF probe (pKa ~ 4.9) 
contains a pH-​dependent BODIPY and a CCR2 ligand 
(mouse chemokine CCL2)37. The fluorescence signal 
(λem = 510 nm) of mCCL2-​mAF was activated through 
macrophage chemokine receptor CCR2-​mediated 
internalization and phagosomal acidification-​induced 
protonation. As such, mCCL2-​mAF could selectively 
stain metastasis-​associated macrophages in tumours 
of a mouse model after intravenous injection, but 
did not label neutrophils, natural killer cells, T cells  
or B cells.

Probing with two independent optical channels
Real-​time simultaneous imaging of multiple biomarkers 
can facilitate both the fundamental correlation between 
different biomarkers in a certain pathological pathway 
and improving the accuracy of disease diagnosis21. 
However, many activatable probes are generally func-
tionalized with a single reaction site and, thus, only able 
to respond to a single biomarker. Although such a dual 
response might be achieved by the coadministration of 
two or more different probes, such procedures are par-
ticularly complicated. Accurate correlations between 
signals (and, thus, biomarkers) are difficult to show 
convincingly, as a result of variations in cellular uptake, 
site distribution within the cell and in vivo pharmaco
kinetics between probes, as well as possible signal cross-
talk. By contrast, dual-​locked probes with two optical 
channels can overcome these difficulties (Figs 4,5). 
Several examples of this approach have proved fruitful 
for the monitoring of two cascade biomarkers or the 
discrimination of two different biomarkers.

Transformations between various reactive oxygen 
species (ROS) often occur in living systems, for example, 
production of H2O2 from O2

•− by superoxide dismutase 
and conversion of H2O2 into HClO by myeloperoxi-
dase11,38. As such, real-​time imaging and discrimination 
of ROS in living systems is essential to understand their 
individual functions and correlations. Probe FhZ was 
developed by the reconstruction of a fluorescein mol-
ecule for the discrimination of •OH and HClO (ref.39) 
(Fig. 4b). The parent probe molecule is non-​fluorescent, 
as the five-​membered ring interrupts the conjugation, 
reducing the electron delocalization in the latent flu-
orescein. The sensing mechanisms for ROS discrim-
ination rely on the different oxidative reactivity of 
•OH and HClO; specifically, •OH is a much stronger 
oxidant than HClO. Thus, in the presence of HClO, 
the five-​membered ring alone is opened through a 
sequence of addition and elimination reactions to yield 
product F-​teG with strong green fluorescence (Fig. 4c). 
In the presence of •OH, however, the bottom-​left aro-
matic ring is oxidized and opened, producing FOBA 
with strong cyan fluorescence (Fig. 4d). Although many 
ROS have only short lifetimes, the distributions of spon-
taneously produced •OH and HClO in living zebrafish 
were simultaneously visualized and discriminated 
using FhZ.

Independent response strategies have also been used 
to detect both biomarkers (e.g. thiols) and changes in 
the biological environment (e.g. intracellular viscosity). 
For example, Ma, Li, Lin and colleagues have synthe-
sized probes to monitor both variations of intracellular 
viscosity and changes in •OH, H2S, as well as H2O2, in 
living cells (Fig. 4e). The sensing mechanisms rely on the 
restriction of intramolecular rotation (viscosity) and oxi-
dative or reductive cleavage reactions40–42. p-​Thiocresol 
and 2,4-​dinitrobenzenesulfonyl moieties are commonly 
used as protecting (locking) groups that can be removed 
(unlocked) by nucleophilic aromatic substitution reac-
tions with nucleophilic thiols. The discrimination of 
glutathione (GSH) from cysteine/homocysteine using 
probe s-​s-​BODiPy-​s, the monitoring of cysteine metab-
olism using 4 and the detection of biothiols and SO2 

Fig. 2 | Dual-locked probes containing one reaction site that undergoes two 
sequential reactions. a | Schematic illustration of the concept. The first biomarker 
generates a non-fluorescent intermediate. Then, the further addition of second 
biomarker leads to a turn-​on of fluorescence output. b | Chemical structures of a 
representative probe (NmL) and its forms in response to leucine aminopeptidase (LAP) 
and monoamine oxidase (MAO). c,d | Normalized absorption spectra (panel c) and 
fluorescence response (panel d) of NmL in the presence of LAP and/or MAO. e,f | Two 
examples of dual-​locked probes that operate using two sequential reactions. CRC, 
coumarin–rhodamine conjugate; PeT, photoinduced electron transfer. Parts c and d 
adapted with permission from ref.22, Royal Society of Chemistry (https://doi.org/ 
10.1039/C9SC03628H).
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using BPO-​Py-​diNO2 have been investigated in a fluo-
rometric manner43–45 (Fig. 4e).

Simultaneous monitoring of two caspase cascade acti-
vation processes in living cells has been studied by using 
aggregation-​induced emission (AIE) probe 5 (ref.46) 
(Fig. 5e). Two AIE fluorogens (red tetraphenylethylene- 
thiophene and green tetraphenylsilole) were connected 
to opposite ends of a hydrophilic peptide conjugate 
(DVEDIETD), which is, itself, composed of two short 
peptides, DVED and IETD, which are, respectively, 

the substrates for the effector caspase 3 and the apop-
tosis initiator caspase 8. In aqueous media containing 
DMSO, the AIE probe was initially non-​fluorescent. 
However, in apoptotic HeLa cells, green and red fluo-
rescence could be activated when the peptide substrate  
was cleaved through cascade activation by caspase 8 
and caspase 3, respectively. In addition, the two-​photon 
fluorescence-​lifetime-​based probe (tFP) was developed 
for the imaging of mitochondrial H2O2 and adenosine 
5′-​triphosphate (ATP) changes in living cells47 (Fig. 5e–g).
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could then be incorporated into the bacterial cell wall. d | Structure of dual-​targeting fluorogenic probes (CDG-​DNBs) 
and reaction with BlaC and decaprenylphosphoryl-​β-​d-​ribose 2′-​epimerase (DprE1). e | Structure of dual-​locked probe 
mCCL2-​mAF.
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Although the dual-​locked probes discussed in this 
section can produce two fluorescence outputs, signal 
crosstalk often occurs as a result of overlap in the emis-
sion spectra, thus compromising the sensitivity of detec-
tion. Integration of fluorescence and chemiluminescence 
signals into one system is an emerging approach to 
avoid  signal crosstalk, providing a transformative 
approach for imaging applications21. Pu and colleagues 
have reported a highly renal-​clearable activatable duplex 
reporter (ADr) for the chemiluminescent and NIR fluo-
rescence imaging of contrast-​induced acute kidney injury 
in a murine model21. Both O2

•− and lysosomal enzyme 
N-​acetyl-​β-​d-​glucosaminidase (NAG) are upregulated in 
renal tubular cells in the course of this disease. ADr was 
designed using an O2

•−-​activatable chemiluminescent 
unit and a NAG-​activatable NIR fluorescence moiety, 
both of which were linked to a renal-​clearance scaffold, 
(2-​hydroxypropyl)-​β-​cyclodextrin (Fig. 5b). ADr was 
initially non-​fluorescent and non-​chemiluminescent, 
as both of the luminophores were in ‘caged’ states. In 
the presence of NAG, cleavage of the glycosidic bond 

led to the formation of uncaged fluorophore with 
strong fluorescence at 720 nm (Fig. 5c). Meanwhile, 
O2

•− attacks the triflyl, resulting in deprotection. The 
resultant uncaged dioxetane is unstable and undergoes 
decomposition to release a chemiluminescence signal 
(Fig. 5d). After systemic administration of ADr into 
living mice, it produced chemiluminescence and NIR 
fluorescence signals that report on the O2

•− and NAG 
levels, respectively, in the kidneys. This independent 
dual-​locked sensing capability of ADr avoids any signal 
crosstalk, resulting in the detection of contrast-​induced 
acute kidney injury prior to clinical and preclinical 
assays. In parallel with this study, the Pu group has 
developed another chemo-​fluoro-​luminescent probe 
(CFr, Fig. 5e) for crosstalk-​free duplex imaging of O2

•− 
and caspase 3 using a mouse model of drug-​induced 
liver injury23, while Rao and colleagues have devel-
oped a nanoprobe for the fluorescence and chemi-
luminescence imaging of ROS and reactive nitrogen 
species in a mouse model for drug-​induced acute  
hepatotoxicity48.
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Fluorescent ‘AND’-​based probes
In general, ‘AND’-​based systems require the simultane-
ous coexistence of two analytes to obtain a significant 
fluorescence enhancement. Such duplex-​responsive 
probes provide numerous advantages when compared 
with single-​analyte probes, including the following: 
(1) they produce a significant ‘turn-​on’ fluorescence 
response via the removal of dual-​locked quenching 
groups and (2) they provide a method to investigate the 
cooperative relationship between two analytes49.

As discussed above, these dual-​locked probes can 
produce a fluorescent ‘on’ state when two analytes are 
added in a specific sequence. Although some groups 
have developed dual-​locked systems using sequential 
AND logic22,25,27, here, we discuss AND-​based probes 
that can be activated and produce a strong fluorescence 
emission output, irrespective of the sequence of analyte 
addition (Fig. 6a). Such probes containing dual-​locked 
sites require the coexistence of both analytes to produce 
a fluorescence response, and reaction at just one locking 
site results in a negligible response11. One good example 
is Gsh-​PF3, which was synthesized by attaching boronic 
acid pinacol ester and 2,4-​dinitrobenzenesulfonyl (lock-
ing sites for ONOO− and GSH, respectively) to a fluo-
rescein core50 (Fig. 6d). The addition of just ONOO− or 
GSH produced minimal fluorescence response, while 
a significant enhancement (40-​fold) was observed 
when both are present, regardless of the addition 
sequence. As such, it was feasible to use Gsh-​PF3 to 
visualize the dynamic coexistence of ONOO− and 
GSH by fluorescence imaging in RAW264.7 cells. This 
was achieved using lipopolysaccharide stimulation 
(which produces ONOO−) and caffeic acid treatment 
(an anti-​inflammatory drug that stimulates the cel-
lular production of GSH). Subsequently, 4-​amino-2- 
(benzo[d]thiazol-2-​yl)phenol was used as a fluorophore 
in the development of the probe Gsh-​ABAh51 (Fig. 6d). 
The dual-​locked probe Gsh-​ABAh contains two reac-
tion sites: one is a locked excited-​state intramolecular 
proton transfer (ESIPT) fluorophore for ONOO− and 
the other a PeT site that deactivates on reaction with 
GSH. Similarly, the pinkment systems, Pinkment-​OtBs 
and Pinkment-​OAc, based on the resorufin fluoro-
phore, have been used to monitor the reactive oxygen 
and nitrogen species AND F− or ROS AND esterase,  
respectively52 (Fig. 6d).

It is well known that the inclusion of electron donating 
groups at the 7-​position of coumarin can enhance its flu-
orescence intensity53. Zhou and Fahrni have exploited this 
to demonstrate that the formation of an electron donat-
ing triazole can lead to a significant ‘turn-​on’ fluorescence 
when introduced by means of a Cu(I)-​catalysed azide–
alkyne cycloaddition reaction54. A maleic acid mono-
amide unit appended at the 3-​position of the coumarin 
quenches the fluorescence through the PeT process. 
Thus, in the dual-​locked probe C1 (Fig. 6b,c), the fluores-
cence is turned on only by the combination of triazole  
formation and deactivation of the quenching unit55.

Li, Yi, Xi and colleagues have developed an AND-​logic- 
based system to investigate the relationship between hydro-
gen sulfide (H2S) and human NAD(P)H:quinine oxidore-
ductase 1 (hNQO1) in cellular redox homeostasis49.  
Probes 6 and 7 (Fig. 6d) combine PeT quenching units 
and Förster resonance energy transfer (FRET), and are 
based on coumarin and naphthalimide fluorophores, 
respectively. 7-​Nitro-1,2,3-​benzoxadiazole amines56 and 
quinone propionic acid57 serve as the reaction sites for 
H2S and hNQO1, respectively. Probes 6 and 7 exhibited a 
strong fluorescence enhancement when exposed to H2S 
and hNQO1 simultaneously. However, probe 7 exhibited 
a larger ‘turn-​on’ (>400-​fold) than probe 6 (220-​fold) 
when exposed to the two biomarkers. Probe 7 facilitated 
the differentiation of enhanced concentrations of endog-
enous H2S and hNQO1 in HT29 and HepG2 cells from 
FHC, HCT116 and HeLa cells. Therefore, dual-​locked 
probe 7 permitted visualization of the collaborative 
antioxidant effects of H2S and hNQO1 in response to 
oxidative stress in HeLa cells.

The dual-​locked AND systems described above 
are examples of single probes using one fluorophore. 
However, there is a further design strategy in which two 
probes react with two analytes, and then the generated 
species undergo further reaction to form a lumines-
cent species. Chang and colleagues took advantage of 
the bioluminescent probe PCL-1 for the detection and 
imaging of H2O2 (ref.58). They subsequently developed 
PCL-2, in which a self-​immolative benzylic linker can 
be removed when H2O2 triggers cleavage of the boronic 
acid to generate 6-​hydroxy-2-​cyanobenzothiazole 
(HCBT). Meanwhile, reaction of the pentapeptide 
probe z-​ile-​Glu-​thrAsp-d-​Cys (ietDC) with caspase 8 
releases d-​Cys, which undergoes a cyclization reaction 
with HCBT to form firefly luciferin. The product of 
this cyclization is then further catalysed by firefly lucif-
erase to produce a bioluminescent signal59 (Fig. 7). The 
single-​locked probe PCL-2 and the ietDC peptide can 
be used to monitor changes in the endogenous levels of 
H2O2 and caspase 8 activity, respectively. Importantly, 
the combination of PCL-2 and ietDC was validated 
for the simultaneous detection of both bioanalytes in a 
mouse model of inflammatory disease.

FRET-​based probes
FRET is a photochemical process in which energy 
transfer occurs from a donor in its excited state to an 
acceptor in its ground state. When both the donor and 
the acceptor are fluorophores, FRET is termed fluores-
cence (instead of Förster) resonance energy transfer. 

Fig. 5 | Dual-locked probes based on two luminophores for duplex imaging.  
a | Schematic illustration of the concept. One biomarker leads to one luminescence 
output. Two different turn-​on luminescence signals occur when both biomarkers are 
present. b | Chemical structures of a representative probe (ADr) and its activated  
forms in response to O2

•− and N-​acetyl-​β-​d-​glucosaminidase (NAG), respectively (R = H, 
CH2CCH or CH2CHOHCH3). c,d | Fluorescence and chemiluminescence spectra of ADr 
in the absence or presence of KO2 or NAG in PBS. Insets: the corresponding fluorescence  
(panel c) and chemiluminescence (panel d) images. e | Dual-​activated probes that all 
operate based on two luminophores for duplex imaging. f | Two-​photon fluorescence 
responses of tFP towards the addition of H2O2 with different concentrations (0, 0.4, 1, 2, 
4, 6, 8, 10, 12 and 15 μM). g | Two-​photon fluorescence responses of tFP towards the 
addition of adenosine 5′-​triphosphate (ATP) with different concentrations (0, 0.5, 1, 3, 6, 
9, 12, 15, 18 and 21 mM). The organic moieties that respond to different biomarkers are in 
orange and blue. Parts c and d reprinted with permission from ref.21, Wiley. Parts f and g 
reprinted with permission from ref.47, ACS.
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Various FRET-​based fluorescent probes have been devel-
oped for the detection and imaging of biological species 
(for example, cations or anions) or monitoring of the 
biological environment (for example, pH or hypoxia)60. 
This section includes some representative fluorescent 
probes using the FRET fluorescence mechanism as a 
strategy for the detection of two analytes.

The most commonly described type of dual-​locked 
FRET-​based probe incorporates both a FRET donor 
and a FRET acceptor, as shown in Fig. 8a. Such probes 
exhibit short-​wavelength fluorescence emission (green), 
i.e. directly from the FRET donor, after reaction of the 
system with the first analyte. A long-​wavelength fluo-
rescence emission (red), i.e. from the FRET acceptor, is 
obtained only when the second analyte is present. These 
two processes are similar to the mechanism outlined in 
Fig. 5. In this case, however, a red fluorescent output is 
obtained whenever both analytes are present (irrespec-
tive of the sequence of addition). A very recent review 
has covered such probes (FP-​h2O2-​NO, N3-​Cr-​PO4, 
Naph-​rhB and DDP-1)60–64. As such, here, we discuss 
another dual-​locked system using the FRET fluorescence 
mechanism (Fig. 8b).

Heatstroke (HS) is a heat-​related pathology that 
induces a number of intercellular processes (e.g. meta-
bolic disorders and apoptosis). However, there is a lack 
of understanding of the molecular and organelle-​related 
mechanisms occurring during the process of HS65. 
The relationship between temperature and SO2 con-
centration in lysosomes remains uncertain. As such, 
Yin and colleagues have developed photoactivated 
probe Ly-​Nt-​sP for SO2 (ref.66) (Fig. 8c,d). The morpho-
line group of Ly-​Nt-​sP facilitates its accumulation in 
lysosomes. Upon UV irradiation, the spiropyran ring 
is opened to form a hemicyanine; the increased spec-
tral overlap between the emission of the naphthalimide 
and the absorption of the hemicyanine leads to FRET. 
However, SO2 is a nucleophile that can react by addition 
to the ‘unlocked’ C=C double bond of the hemicyanine, 
interrupting the π-​conjunction and inhibiting the FRET 
process. Using the Ly-​Nt-​sP system, an increase in tem-
perature was shown to result in an increase of lysosomal 
SO2 levels. Additionally, dual-​channel tissue imag-
ing based on Ly-​Nt-​sP indicated that SO2 could reduce 
small intestinal damage by scavenging ROS induced 
by HS66.

Other dual-​locked probes
In this section, we discuss probes with two locked/
reaction sites that are initially non-​fluorescent (Fig. 9a). 
Fluorescence emission results from the presence of a spe-
cific analyte; however, the fluorescence emission wave-
length shifts (either red-​shifted or blue-​shifted) when 
the second analyte is introduced. This phenomenon can 
only be observed when the two analytes trigger their 
reactions in a specific sequence. ESIPT fluorophores 
are sensitive to the surrounding environment as a result 
of a rapid four-​level photochemical process67. The first 
level of an ESIPT fluorophore is the ground state of the 
enol (E(S0)). Excitation to the first excited singlet state 
of the enol (second level or E*(S1)) leads to conversion 
into the corresponding first excited singlet state of the 
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2-mercaptoethanol; PeT, photoinduced electron transfer. Part c adapted with permission 
from ref.55, Wiley.
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keto form (third level or K*(S1)). A longer wavelength 
emission is then produced when electrons from the 
keto form in the K*(S1) excited state return to the fourth 
level and ground state of the keto form (i.e. K(S0)). The 
ESIPT-​based probe 3-​hF-​Ome was constructed by com-
bining the 3-​hydroxyflavone (3-​HF) fluorophore and 
ONOO−-​responsive boronate unit. 3-​hF-​Ome binds as a 
‘guest’ molecule within the hydrophobic cavity of a ‘host’ 
matrix of amyloid-​β (Aβ) peptide aggregates. The hydro-
phobic environment leads to an enhanced fluorescence 
emission at 420 nm of probe 3-​hF-​Ome (refs68,69). Then, 
addition of ONOO− activates the photo-​tautomeric  
fluorescence state of the ESIPT fluorophore, resulting in 
a new emission at 520 nm (ref.70) (Fig. 9b,d).

Probe hCy-​FN is capable of differentiating O2
•− and  

H2Sn, producing emissions at 794 and 625 nm, 
respectively71 (Fig.  9c). Initially, hCy-​FN was non- 
fluorescent. Then, a hydrogen abstraction reaction 
by O2

•− facilitates the D-​π-​A conjunction of Cy-​FN, 

resulting in emission at 794 nm. Subsequent attack by 
the H2Sn on Cy-​FN results in two nucleophilic substi-
tutions to generate Keto-​Cy with blue-​shifted emission 
at 625 nm. The initial displacement of the F− of Cy-​FN 
by H2Sn is an SNAr reaction, which forms an interme-
diate containing a free −SH group, which subsequently 
undergoes intramolecular cyclization to release Keto-​Cy 
(refs71–73).

Acidic pH and overexpression of GSH are hallmarks 
of cancer74,75. Guo, Zhu and colleagues have developed a 
prodrug P(Cy-​s-​CPt), where the active anticancer drug 
camptothecin (CPT) is released by sequential stimula-
tion acid and GSH (ref.76) (Fig. 9e). At neutral pH (7.4), 
aggregation of the amphiphilic diblock copolymer of 
the nanoprobe P(Cy-​s-​CPt) leads to the formation of 
spherical micelles. As a result, the NIR fluorescent com-
ponent Cy-​s-​CPt becomes concentrated within the 
hydrophobic core of the micelle, resulting in a significant 
quenching of fluorescence at 830 nm. The formation of 
micelles also prevents the release of drug because it is 
protected from nucleophilic attack by GSH within the 
hydrophobic core. Lowering the pH (to a value below 
the pKa) leads to protonation of the tertiary amine. 
This enhances the hydrophilic nature of P(Cy-​s-​CPt), 
resulting in disassembly of the micelle and a fluores-
cence increase at 830 nm. The dissembled P(Cy-​s-​CPt) 
is then readily attacked by GSH, triggering the release 
of CPT in synergy with a remarkably blue-​shifted fluo-
rescence emission from 830 to 650 nm. Therefore, this 
two-​biomarker logic-​based probe not only provides a 
model for monitoring drug release but also facilitates 
targeted drug delivery.

Next, we discuss the dual-​locked probes where one 
reaction site can generate two different fluorescence 
emissions in response to two analytes, dependent on the 
addition sequence (Fig. 10a). The o-​phenylenediamino 
moiety is a common recognition motif for nitric oxide 
(NO). It reacts with NO+ or N2O3 to irreversibly generate 
benzotriazole derivatives77,78, resulting in fluorescence 
‘turn-​on’ as PeT quenching is inhibited78,79. Probe 8 was 
constructed by incorporating the o-​phenylenediamino 
group at the 9-​position of a pyronin dye80 (Fig. 10b). 
Conjugation between the fluorophore and one amino 
unit of o-​phenylenediamino provides three main ben-
efits: (1) minimized interference from ascorbic acid, 
dehydroascorbic acid81,82 and methylglyoxal83; (2) stable 
fluorescence of probe 9 over a pH range from 7 to 8, as 
the benzotriazole product is insensitive to pH (refs77,78); 
and (3) facilitated accumulation of probe 8 in mito-
chondria, as a result of its positive charge. Treatment of 
probe 8 with GSH or Cys did not lead to a fluorescence 
output. However, a noticeable fluorescence enhance-
ment at 616 nm was observed when probe 8 was exposed 
to diethylamine NONOate diethylammonium salt (a NO 
donor), as a result of the formation of compound 9. 
Benzotriazole can serve as a leaving group in S-​acylation 
reactions84, and, as a result, the benzotriazole of 9 under-
went an SNAr substitution–rearrangement reaction 
when treated with Cys, leading to formation of dye 11 
(via intermediate 10), with an enhancement in emis-
sion at 536 nm. In addition, a simple SNAr substitution 
between compound 9 and GSH generates fluorescent 12, 
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which exhibited emission at 618 nm. Coumarin-​based 
photo-​triggers have been widely used for the devel-
opment of photo-​responsive systems, as a result of 
their strong fluorescence and efficient photo-​release 

capability85. Coumarin-​based non-​fluorescent prod-
rug 13 is unlocked only by the presence of two ‘keys’ 
in the correct sequence. The first key is hypoxia, which 
leads to reduction of the nitro group (the first lock) and 
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formation of o-​phenylenediamino unit, resulting in 
green fluorescence emission. Subsequent addition of NO 
(the second key) generates the electron-​deficient triazole 
of compound 15 with a blue fluorescence emission86 
(Fig. 10c). The drug chlorambucil attached to compound 
15 can be released under irradiation with visible light 
(≥410 nm), and, thus, prodrug 13 can also be described 
as a triple-​locked probe.

The final type of dual-​locked probes is displayed in 
Fig. 10d, where a red shift occurs when the probe is first 
activated by a specific biomarker. Subsequent stimulation 
using photoirradiation induces decomposition of the 
intermediate and release of a therapeutic agent. A repre-
sentative example is prodrug FB, a two-​photon flavonol–
borate-​based fluorescent probe with maximum emission 
at 485 nm (ref.87) (Fig. 10e). After cleavage of the boronate 
pinacol ester by H2O2, a red shift from 485 to 585 nm in 
emission is observed, as a result of the ESIPT process 
of the generated compound F. Thus, probe FB could be 
used to map H2O2 changes in vascular smooth muscle 
cells under stimulation by phorbol myristate acetate 
using ratiometric imaging. Moreover, irradiation of com-
pound F at 405 nm (or two-​photon irradiation at 800 nm)  

enables the release of carbon monoxide as a therapeutic 
agent in a photo-​controllable manner88. Such sequential 
activation processes of FB make it possible to visualize 
H2O2 fluctuations in the blood vessels of zebrafish and 
observe the vasodilation effects of CO in the treatment 
of angiotensin II-​induced hypertension.

Conclusions and outlook
In this Review, we have summarized the development 
of dual-​locked probes for bioimaging in living systems. 
We focused on the different chemical structures that 
have been used to generate dual-​locked probes with 
bespoke optical properties and to facilitate their specific 
activation towards different biomarkers. We present 
design strategies (Figs 1–10) used for the construction of 
dual-​locked probes. The design strategies are classified 
based on changes in optical outputs and the number of 
reaction sites that the probe contains. Interestingly, only 
one practical example is available for the dual-​locked 
systems of Figs 7a,8c,10d. As such, these systems repre-
sent potential areas for future development. A word of 
caution is appropriate for the development and appli-
cation of systems like those highlighted in Fig. 7, where 
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two probes are required. Practical problems may arise 
during application, as a result of differences in perme-
ability, incubation time and distribution of the probes 
within the cells or live animals when compared with 
systems developed using a unimolecular dual-​locked 
probe (Fig. 6). In addition, two-​probe systems can poten-
tially result in reduced biocompatibility compared with 
unimolecular-​probe systems.

Compared with single-​factor activatable probes, 
dual-​locked probes with a sequential strategy to gener-
ate an optical response (Figs 1,2) and the ‘AND’-​based 
probes (Figs 6,7) share the advantages of avoiding non-
specific activation and ‘false positive’ results in com-
plex environments89. Nevertheless, an area requiring 
improvement for many dual-​locked systems is the elimi-
nation of potential crosstalk. For example, the use of two 
similar fluorescence channels for discrimination of the 
duplex (Fig. 4) can result in emission crosstalk during 
bioimaging. In order to circumvent this problem, differ-
entiation using two independent optical channels or the 
combination of chemiluminescence with fluorescence is 
required (Fig. 5b). Therefore, it is important that research-
ers explore such dual-​locked systems because they pave 
the way for crosstalk-​free sensing. For example, probe 
ADr bearing β-​cyclodextrin produces chemilumines-
cence and NIR fluorescence ‘turn-​on’ signals towards 
O2

•− and NAG, respectively, in the kidneys.
Both FRET and ESIPT are important fluorescence 

mechanisms. FRET is a common strategy used for the 
construction of dual-​locked probes (Fig. 8), while ESIPT 
is a scarcer strategy (Fig. 9b). Unlike other reaction-​based 
dual-​locked probes, ESIPT probe 3-​hF-​Ome incorporates 
‘host–guest’ sensing, where Aβ peptide aggregates serve 
as host matrix (Fig. 9). Given the versatility of ESIPT-​based 
systems, we anticipate that, provided longer wavelength 
systems can be developed, dual-​locked probes based on 
ESIPT will become more commonplace.

Prodrug systems combining drug delivery and fluo-
rescence imaging illustrate the robustness of dual-​locked 

systems for both sensing and chemotherapy90. We antici-
pate that such dual-​locked systems may provide a deeper 
understanding of the biological influence of drugs dur-
ing therapy. For example, the two cancer biomarkers of 
acidity and GSH activate P(Cy-​s-​CPt) and trigger the 
release of the anticancer drug CPT (Fig. 9d).

A commonly used locking group discussed in this 
Review is the boronate pinacol ester. It is well known 
that boronate pinacol esters are more sensitive to 
reaction with ONOO− than H2O2 (ref.91). And, yet, 
numerous boronate-​based probes have been reported 
with either ONOO− or H2O2 selectivity. For example, it 
has been reported that thP and FB display good selec-
tivity towards H2O2 over ONOO− (refs47,87). In these 
examples, however, tests were performed with only 
a single concentration of ONOO−, and, as such, a 
response to ONOO− at different concentrations can-
not be ruled out. However, the response of Qm-​B-​CF, 
mito-​Vh and FP-​h2O2-​NO probes towards ONOO− was 
not reported25,42,61. In the case of Pinkment-​OAc, we 
made it clear that the probe could not be used for the 
detection of ONOO− AND esterase, as the probe was 
activated by just ONOO− to generate a fluorescent prod-
uct (cleavage of both the boronic ester and phenyl acetate 
by ONOO−)92. As such, a great deal of future confusion 
could be avoided if, when the boronate pinacol ester 
group is used to develop either dual or single ‘locked’ 
probes, a full evaluation of concentration-​dependent 
and time-​dependent reactivity towards both H2O2 and 
ONOO− is performed.

In summary, we have highlighted the clear advan-
tages in selectivity provided by dual-​locked probes for 
disease diagnosis, monitoring and treatment. With the 
advancement and convergence of chemistry, biology and 
medicine, we anticipate that more and more dual-​locked 
probes will be developed, with key applications in either 
fundamental biology or translational medicine.
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