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develop synthetically facile, sensitive, selective, and robust methods for the detection of these analytes.
The 1,8-naphthalimide fluorophore presents an ideal scaffold on which to design a range of fluorescent
probes for an unknowable diversity of biomarkers. With tuneable photophysical properties, synthetic
versatility, photostability and a large Stokes shift, the 1,8-naphthalimide has, and continues to be,
exploited for the detection of a wide range of enzymatic conversions. This review will outline the recent
Enzyme activation progress towards the design and synthesis of 1,8-naphthalimide fluorophores for the detection of
Fluorescent sensors selected enzymatic conversions.

Fluorescent probes © 2020 Published by Elsevier B.V.
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1. Introduction other analytes has received a large amount of research interest in
the recent past due to their utility across a broad spectrum of the
The design and synthesis of small molecules capable of exhibit- chemical sciences [1-5]. Such fluorescent sensors provide a num-

ing fluorescent modulations upon interaction with enzymes and ber of advantageous characteristics such as facile syntheses, high
sensitivity and selectivity, spatiotemporal resolution, and they
can be easily tuned to exhibit a diverse range of emission charac-
teristics. Moreover, they provide the basis for the development of
sensors for biologically important analytes that can be used as both
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diagnostic tools and equally as tools for biologists to better under-
stand the role of those analytes in a given disease state.

Enzyme-Activated probes that seek to operate successfully
within the crowded environment of the cell, often encounter addi-
tional challenges for the use in biological imaging applications [6]
where optimisation of enzyme rates and mode(s) of activation,
probe uptake and localisation, probe stability, and cytotoxicity
are all important factors. To elicit the desired fluorescent modula-
tions, several techniques have been exploited to date [1,7-11],
however, the three most common approaches are outlined in
Fig. 1, (1) enzymatic cleavage of a blocking group to release an
active fluorophore [12-19], (2) enzymatic transformation of block-
ing groups into other substituents [20-24], and (3) enzymatic
release of a fluorescent quenchers (Fig. 1) [6,25-30]. The full diver-
sity of modulations are discussed in further detail below.

These approaches in turn rely on several photophysical phe-
nomena to induce fluorescence changes. Again, a number of tech-
niques have been exploited to fine-tune fluorescence emission
such as Forster Resonance Energy Transfer (FRET), Photoinduced
Electron Transfer (PET), Internal-charge Transfer (ICT), Through-
bond Energy Transfer (TBET), Excited-state Intramolecular Proton
Transfer (ESIPT), Aggregation-induced Emission (AIE), Restriction
of Intramolecular Motion (RIM) and Monomer-excimer based
ratiometric sensing to name just a few. Many of these topics have
been reviewed extensively elsewhere and we will not discuss them
in detail here [1,34,35].

Enzymatic Cleavage of Blocking Group

1.
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Another important consideration in sensor design is the fluo-
rophore scaffold. When designing an optimal fluorogenic substrate,
there are various physicochemical characteristics that must be
taken into consideration: excitation and emission characteristics
[10,36,37], solvatofluorochromism [38], photostability [39], and
membrane permeability [40]. As before, several fluorophore
options exist for the design and synthesis of responsive probes;
rhodamines; coumarins; fluorescein; BODIPYs, cyanines and 1,8-
naphthalimides have all been exploited for the detection of a
diverse range of enzymatic analytes amongst others [8,9,41,42].
The 1,8-naphthalimide fluorophore in particular has garnered sig-
nificant attention due to its tuneable photophysical properties and
synthetic versatility that provides for a huge diversity of design
options [43-46]. The naphthalimide provides two means by which
to sense an analyte: by the traditional fluorescence ‘switch on’
response but equally by tuning the ICT excited state to give a ratio-
metric fluorescence response. Originally reported by Middleton
and co-workers in 1986 [47], the 1,8-naphthalimide core possesses
a brightness that is comparable to the coumarins [48], while boast-
ing high resistance to photobleaching and a large Stokes shift. The
naphthalimide fluorophore and its inherent photophysical proper-
ties are heavily influenced by the electronic character of its sub-
stituents. For example, the nitro- functional group - when in the
4-position on the 1,8-naphthalimide core - induces a broad
absorption band with Ay, at around 360 nm but is largely non-
fluorescent. This is due, in part, to the highly electronegative oxy-
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Fig. 1. Schematic representation of scaffolds employed in the design of enzyme-activated 1,8-naphthalimide fluorogenic probes showing specific examples of (1) Enzymatic
cleavage of a blocking group to release an active fluorophore [31], (2) Enzymatic transformation of blocking groups into other substituents [32], (3) Enzymatic release of a

fluorescent quencher [33].
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Fig. 2. Schematic of the internal charge transfer within the 4-amino-1,8-naphthal-
imide fluorophore caused by an electronic “push-pull” system.

gen atoms restricting conjugation of the donor nitrogen to the rest
of the fluorophore, effectively blocking ICT. Conversely, the amino-
derivative in the same position is “unrestricted” and evokes a
“push-pull” ICT excited-state, resulting in broad absorption and
emission bands around 450 and 550 nm, respectively (Fig. 2)
[43]. Moreover, the amino-nitrogen increases the ICT-character of
the fluorophore, resulting in the emission shifting to longer wave-
lengths when compared with less electron donating substituents
such as esters and carbamates. More recently, 4-hydroxy-1,8-
naphthalimide has also received significant research attention with
absorption maxima in the UV range (ca. 380 nm) and correspond-
ing emission maxima at ca. 550 nm (or 450 nm in aqueous solu-
tions)[49] with quantum yields in DMSO comparable to those
measured for 4-amino-1,8-naphthalimides.

Combined, these properties confer many of the characteristics
needed for use in biological applications such as assay design
and fluorogenic dyes for confocal microscopy. The ability, to tune
the ICT excited-state, in particular, allows for exploitation. For
example, installation of an electron-withdrawing carbamate at
the 4-position gives rise to ‘blue’ emission (Apax ~ 450 nm) being
observed and subsequent conversion to the electron-donating
amino functional group leads to significant modulation of the opti-
cal properties and leads to the observation of green emission (Amax
~ 550 nm). Ether- and esterification of 4-hydroxy-1,8-
naphthalimide also result in a hypsochromic shift of the emission
maxima, providing further advantages for the design of fluorescent
probes [50,51].

While the 1,8-naphthalimide fluorophore has found success in
many areas of research, including: anion recognition [43,52-54],
sensing of biologically relevant cations [55], use in OLED research
and in the development of novel therapeutics [56] a flurry of inter-
est has recently become apparent in the field of enzyme responsive
fluorescent probes. This review will summarise recent progress in
the development of 1,8-napthalimide based enzyme sensors and
imaging agents where we will attempt to outline key innovations
and strategies exploited in the field to date. We will outline various
examples that take advantage of a selection of relevant enzyme
activators, most of which are directly relevant to new diagnostic
and therapeutic applications.

2. Nitroreductases

Nitroreductases (NTRs) are flavin-associated oxidoreductase
enzymes (Scheme 1). Classified under two main subgroups; Type
I NTRs are capable of reduction in the presence of O, while type
II NTRs are only active under an oxygen poor environment [57].
Due to the importance of hypoxia in various disease states, type
II NTRs have been the focus of intense research in recent years
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where they are thought to be a valuable biomarker for hypoxic
tumour formation. Importantly, they are capable of reducing the
nitro functionality to nitroso or amino groups and several NTR
based sensors have been reported that take advantage of this fact
in both prodrug strategies [58,59] and in fluorometric methods
for detection of tumour hypoxia [60,61]. Indeed, given the sensitiv-
ity of the “push-pull” ICT excited-state of the 1,8-naphthalimide to
changes in its electronic structure naphthalimides are ideally sui-
ted to NTR sensing.

Qian and co-workers have developed several fluorescent probes
for hypoxia utilising the 1,8-napthalimides (Fig. 3). Conjugating the
fluorophore to 2-nitroimidazole gave rise to structures 1 and 2
that, when measured in V79 Chinese hamster, CHO and 95D cells
compounds displayed a significant fluorescence response under
hypoxic conditions [62], particularly in the case of 2 which dis-
played 20 times higher emission in cells under hypoxia compared
to those under normoxic conditions. Qian and co-workers also took
advantage of probes 3 and 4 where 3 was found to display a high
degree of fluorescence differentiation between normoxic and
hypoxic cells [63]. The same group reported a series of naphthalim-
ide N-oxides (5 - 9) and showed their DNA binding ability and
their application as fluorescent probes for hypoxia [64]. Although,
not thought to be targeted by NTR (more likely by cytochrome
P450 reductases) these compounds were also capable of differenti-
ating between cells under a hypoxic environment versus those
under a normoxic environment. In this report, 5 was shown to be
particularly effective, giving a fluorescence response 17 times
greater under hypoxic conditions when incubated for 4.5 hrs in
V79 Chinese hamster cells. The response was thought to be a result
of the N-oxide being reduced to the tertiary amine as well as the
nitro group being reduced to a primary amine.

An early example of a ratiometric probe for hypoxia using the
1,8-naphthalimdie was demonstrated by Qian and co-workers
relying on a p-nitrobenzyl moiety conjugated to the 4-amino posi-
tion through a carbamate linkage to yield compound 10. This
highly selective sensor was ‘switched on’ by NTR in the presence
of NADH and yielded a blue to green fluorescence response due
to release of the 4-amino-1,8-naphthalimide fluorophore (a shift
in emission from 475 nm — 550 nm) via a 1,6 elimination with
the simultaneous loss of CO, and aza-quinone-methide (Fig. 4).
The sensing approach was also capable of detecting hypoxia in
A549 cells displaying a similar blue to green response in cells while
displaying no cytotoxicity [65].

Ma and co-workers synthesised a naphthalimide based probe
11 that displayed an ‘off to on’ fluorescence response to NTR. Com-
posed of a morpholine unit conjugated to a 4-nitro-1,8-
naphthalimide, 11 was found to be Ilargely non-fluorescent
(®f = 0.002 at 543 nm), however, a significant increase in fluores-
cence (®¢ = 0.13) was observed upon treatment with NTR caused
by the reduction of the -NO, group to the -NH, functionality. This
resulted in a linear response to NTR concentration and a detection
limit of 2.2 ng mL~'. Moreover, the viability of A549 cells was not
significantly impacted upon treatment with up to 2 mM of probe.
Fluorescence imaging experiments also revealed that the probe
could specifically target the lysosomes of living cells (as demon-
strated through co-localisation studies with a known commercial
lysosomal tracker DND-99) (Fig. 5) and was simultaneously cap-
able of imaging the hypoxic status of A549 cells by imaging the
lysosomal NTR activity under hypoxic conditions [32].

He et al. reported the design, synthesis and spectroscopic eval-
uation of a dual functional ratiometric fluorescent probe, com-
pound 12 that was capable of detecting both nitroreductase and
acidity [66]. Taking advantage of a weak intramolecular charge
transfer (ICT) in compound 12, and an efficient photo-induced
electron transfer (PET) from the nitrogen atom of a morpholine
group to the nitro-group of a 4-nitrobenzyl substituent appended
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Fig. 3. Chemical structures of compounds 1-9.

to a 1,8-naphthalimide via a carbamate linkage, 12 was shown to
be largely quenched in neutral aqueous solution (® = 0.02). In an
acidic environment, the morpholine group became protonated,
thereby ‘switching on’ weak blue fluorescence (® = 0.11) before
addition of NTR caused reduction of the 4-nitrobenzyl group that
released the highly emissive product 13 (® = 0.78). Without both
analytical inputs (NTR and acidity) an obvious fluorescence
response was not observed. 12 was shown to be highly sensitive
(LOD = 0.92 pg mL~" at pH 5) and, using confocal fluorescence

microscopy imaging of A549 cells, was also shown to effectively
detect acidity and NTR. The authors suggested that compounds of
this type may find practical applications in accurate tumour imag-
ing. The sensing process is illustrated in Scheme 2.

In a similar manner, Ma and co-workers have also synthesised a
dual functioning probe based on the naphthalimide fluorophore
[67]. Taking advantage of a rhodamine/1,8-naphthalimide hybrid
structure 14, containing, nitro- and diethylenetriamine- recogni-
tion sites for NTR and ATP, respectively, the authors were able to
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Fig. 4. Proposed detection mechanism of probe 10 based on the 1,6 elimination with loss of CO, and aza-quinone-methide.
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Fig. 5. Colocalization of probe 11 (2 mM) and DND-99 (100 nM) in hypoxic A549 cells. (A) Emission from Lyso-NTR. (B) Emission from DND-99. (C) Merged image of images A
and B. Scale bar, 20 mm. Reproduced with permission from Chem. Asian. J. 2016, 11, 2719-2724.

effectively demonstrate differing fluorometric responses to NTR
alone, ATP alone and NTR/ATP combined. 14 exhibited weak fluo-
rescence in its latent state due to quenching effected by the nitro
group of the 1,8- naphthalimide and the spirocyclic rhodamine
structure. Addition of NTR resulted in an increase in emission at
520 nm resulting from nitro reduction leading to formation of
the highly emissive 4-amino-1,8-naphthalimide moiety (verified
by ESI-MS analysis). Similarly, addition of ATP also resulted in an
increase in fluorescence, this time at 580 nm, attributed to the
ring-opening of the spirocyclic structure of rhodamine in the pres-
ence of ATP. A linear relationship between change in fluorescence
and analyte concentration was observed in both cases resulting in
LODs of 0.12 pg/mL and 0.05 mM for NTR and ATP, respectively.
Given the independent emission wavelengths of both fluorophores,
the authors also demonstrated the ability of 14 to detect NTR and
ATP concentrations simultaneously in the same solution by adjust-
ing the excitation wavelength. Application of this probe was shown
through confocal fluorescence microscopy where, again, it was
possible to address the probe through varying excitation wave-
lengths to determine the presence of both NTR and ATP. Interest-
ingly, this probe was applied to Hela cells, and suggests that ATP
levels in cells are significantly affected depending on the O, con-

centration. Indeed, the experimental results revealed that decreas-
ing the O, content from 20% to 1% resulted in an increase in the
activity of intracellular NTR with a concomitant decrease in the
intracellular ATP concentration (Fig. 6).

The utility of napthalimide based probes for NTR has also
recently been demonstrated by Zhang et al. who have reported
the use of 15 for NTR in both bacterial and mammalian cells
(Fig. 7) [68]. Composed of a 4-hydroxy-1,8-naphthalimide conju-
gated to a 4-nitrobenzyl moiety, 15 displayed a ‘switch on’ fluores-
cence response (Aem = 489 nm) to NTR in the presence of NADH
(LOD = (3.4 ng mL™") and the authors were able to show using con-
focal microscopy that the probe was able to enter E.coli and S.au-
reus cells whereby blue emission was seen to increase in
intensity upon reaction with intracellular NTR. Similarly, treat-
ment of HepG-2 and MCF-7 cancer cells resulted in a dose-
dependent increase in fluorescence while remaing non-toxic to
those cells. A related probe 16, this time exploiting a carbonate lin-
ker, was reported by Wei et al. who demonstrated that 16 exhib-
ited a strong increase in green fluorescence at 550 nm after
reaction with NTR and NADH [69]. Again, the fluorescence of this
probe increased linearly over the range of 0.1-0.3 mg mL~! NTR
and was exploited to image U87 cells under hypoxic conditions.
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Fig. 7. The chemical structures of probes 15 and 16.

Xu et al. reported a 4-nitro-1,8-naphthalimide probe 17 con-
taining a methylsulphonamide moiety capable of directing the
probe to the endoplasmic reticulum (Fig. 8) [70]. 17 took advan-

tage of the ability of NTR to reduce the 4-nitro functionality to
the 4-amino derivative thereby resulting in a ‘switch on’ of the
naphthalimide internal charge transfer (ICT). The result was a sen-
sitive (LOD = 36 ng mL™!), selective and biocompatible probe that
had the added benefit of being compatible with both one-photon
and two-photon excitation due to it’s high degree of photostability.
The authors demonstrated it’s ability to image NTR in HelLa cells
whereby cells displayed no fluorescent signal under normoxic con-
ditions (21% 0,) but under hypoxic conditions (15-1% O,) signifi-
cant fluorescence was observed (Fig. 6). Moreover, co-localisation
studies conducted with ER-Tracker Red showed a high degree of
co-localisation (Pearson’s colocalisation coefficient = 0.90), and
the spatial distribution of both signal appeared to be consistent
with each other. 17 was finally applied to mouse tumour tissues
where two-photon fluorescence excitation was also applied to suc-
cessfully image the activity of endogenous NTR in these tissues.
Our research group, has taken advantage of the the synthesis of
two 2-nitroimidazole-1,8-naphthalimide conjugates 18 and 19
[20]. As with previous examples, these probes exploit a reduc-
tion-fragmentation mechanism, to yield a ratiometric fluorescent
response to NTR that be clearly seen with the naked eye (Fig. 9).
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Fig. 9. The chemical structures of 18 and 19 and the fluorescence changes seen for 18 (10 pM) (%ex = 345 nm) over 10 min after adding NTR (1 ug mL~") (Inset): Naked eye

changes seen under UV irradiation.

Importantly, the 2-nitroimidazole appears to be significantly more
sensitive to NTR compared to it’s 4-nitrobenzyl analogue and a lin-
ear response was observed over a concentration range of 0.02-5 L
¢ mL~! NTR. Indeed, 18 was shown to successfully detect reductive
stress in HeLa cells using both confocal microscopy and flow
cytometry while being effectively non-toxic to cells.

Jolliffe, New and co-workers have reported a series of hypoxia-
responsive 1,8-naphthalimides for biological imaging applications
and several methods to synthesise a more diverse pool of available
structures [71,72]. While most known 1,8-naphthalimides are
functionalised either at the imide and 3 or 4-positions some recent
work provided a means to also incorporate substitution at the 6-
position. This approach provides increased versatility to the fluo-
rophore scaffold allowing the synthesis of molecules that contain
a sensing group, a targeting group and an ICT donor to optimise
photophysical characteristics. Indeed, using their approach that

0+ _0._0

Poe
NO,

(i) Aspartic acid O N
dimethyl ester

_ >

(ii) N-butylamine

CO,Me
MeO,C._ .ol

Br I I
HN
20 21 \H

relied first on the synthesis of key intermediate 20 and through
functionalisation at the imide position with aspartic acid and a
subsequent Suzuki coupling, the authors synthesised 22 as a
hypoxia sensor successfully imaging the hypoxic and necrotic
regions of DLD-1 tumour cell spheroids (Fig. 10) [73].

Another recent piece of work by Tang and co-workers reports a
ratiometric fluorescent probe based on a water-soluble conjugated
polymer functionalised with a p-nitrobenzene modified 1,8-
naphthalimide 23 (Fig. 11). The fluorescence of this material is
quenched by both FRET between the polymer and the naphthalim-
ide, and a photoinduced electron transfer between the naphthalim-
ide and nitrobenzene group, resulting in a very low background
signal. However, upon reduction of the NO, group by NTR, FRET
is ‘switched on’ and the PET is blocked resulting in a large fluores-
cence increase at 526 nm yielding a detection limit of 19.7 ng/mL.
This material exhibited good selectivity and low cytotoxicity, and

CO,H
HOLC

(i) Suzuki coupling Oy N._O

R

(i) Hydrolysis O
HN
O,N
22

Fig. 10. The chemical synthesis of 22 through intermediates 20 and 21 and confocal microscopy images of DLD-1 spheroids treated with 22 (scale bar represents 100 mm).

Reproduced with permission from Chem. Eur. J. 2020, 26, 10,064 -10071.
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Fig. 11. The chemical structure of conjugated polymer 23.
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Scheme 3. The two-electron reduction of a quinone to a hydroquinone in the
presence of NQO1 and NADPH.

was also demonstrated to be useful to image intracellular detection
of NTR in hypoxic A549 tumour cells [74].

3. DT-diaphorase

NAD(P)H:quinone oxidoreductase 1 (NQO1) also known as DT-
diaphorase is a well-known cytosolic flavoenzyme [75]. NQO1 is
most notably involved in the 2-electron reduction of quinones to
their corresponding hydroquinones in the presence of an electron
donor NADH or NADPH (Scheme 3) [76,77]. Although NQO1 is an
established antioxidant, more interestingly it is a stabilizer of
tumour suppressors (e.g., p53, p73a, and p33) preventing their
degradation by the 20S proteasome [78]. Furthermore, a significant
upregulation of NQOT1 is associated with a variety of cancers e.g.,
non-small cell lung carcinoma, colorectal carcinoma, and ovarian
carcinoma [79,80]. Several naphthalimide based fluorescent probes
have taking advantage of the photo-induced electron transfer (PET)
quenching mechanism [81,82].

McCarley and co-workers have developed both sensitive and
selective turn on fluorescent probes for cancer associated enzyme
human NAD(P)H: quinone oxidoreductase isozyme 1 (hNQOT1)
(Fig. 15). Structure 24 consists of a quinone substrate capable of
quenching N-methylethanolamine linked 4-amino-N-butyl-1,8-
naphthalimide by oxidative electron transfer. Upon two electron
reduction of the quinone substrate, in the presence of NQO1, the
naphthalimide moiety is released as a result of lactonization
(Scheme 4). Possessing a higher rate of activation in the presence
of hNQO1 amongst other probes based on NQO1 activation, 24
was shown to be both selective and sensitive for hNQO1 in cellulo.
Flow cytometry assays (Aex = 405 nm, Aey = 457/60 nm) showed
that colorectal carcinoma cell line HT-29 and the non-small cell
lung cancer A549 (hNQOT1 positive cell lines) displayed high inten-
sity signals when incubated with 24, with no change in intensity
when comparing incubation periods of 60 and 10 min. Moreover,
much lower fluorescence intensities were observed for hNQO1
negative cell lines H596 and H446. Confocal microscopy studies
showed a cytosolic blue fluorescence signal increase by 9-fold in
A549 cells and 23-fold in HT-29 cells in comparison to H596 cells
(Fig. 12). Two photon confocal microscopy (rex = 750 nm) also dis-
played significant fluorescence increases in A549 and HT-29 cells
with 13 and 15-fold increases respectively compared to H596 cells
[33].
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fluorophore. The bottom row overlaying the fluorescence of the naphthalimide with cell nuclei labelled with red dye. Images taken after a 10-minute incubation period with
24. Reproduced with permission from J. Am. Chem. Soc., 2013. 135, 309-314. Copyright 2013 American Chemical Society.

Q
=
»

-
e
T -
O

O
Z

o
=
whd

>

©

)

B c
T«

@)
]
Z

Fig. 13. Confocal microscopy images displaying fluorescence output (A) of 25 in hNQO1 positive HT29 cells in comparison to no fluorescence observed in H596 hNQO1
negative cell line. Nuclear stain (DRAQ5) used in images (B, E). Differential contrast images provided in images (C, F). Reproduced from J. Am. Chem. Soc., 2014, 7575-7578.
Copyright 2014 American Chemical Society. https://pubs.acs.org/doi/10.1021/ja5030707, further permissions related to the material excerpted should be directed to the ACS.

Like 24, compound 25 made use of the same quinone substrate self-immolative linker moiety. By taking advantage of PET and
and naphthalimide reporter but differed by the incorporation of a the use of an N-methyl-p-aminobenzyl alcohol self-immolative
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linker, a fluorescent enhancement at 532 nm was achieved by the tion of the naphthalimide reporter with increases in fluorescence
naphthalimide reporter unit. In vitro studies established the forma- at an exceptional rate upon incubation of the probe in the presence

10
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Fig. 17. Confocal microscopy images showing the colocalization of probe 27 and sub-organelles in A549 cells following an incubation period 1 h at 37 °C with 5 uM of 27. Sub-
organelles (mitochondria, Lysosome, Endoplasmic reticulum) were stained with relevant trackers. The PCC values seen under colocalization is an indicator Pearson’s
correlation coefficient. Reproduced with permission from MDPI. Sensors 2020, 20, 53.

of hNQO1 and NADH under physiological conditions via lactoniza-
tion followed by rapid self-immolative cleavage of the N-methyl-p-
aminobenzyl alcohol. Confocal fluorescence microscopy imaging
displayed uptake and activation of 25 was observed by green fluo-
rescence in HT29 colorectal cancer cells (hNQO1 positive) with
minimal fluorescence observed in H596 lung cancer cells (hNQO1
negative) (Fig. 13). The 95-fold fluorescent increase observed
demonstrates the stability of 25 and the fluorescence efficiency
of the naphthalimide reporter [83].

In a related study, it was shown that Probe 26, with a less bulky
and shorter linking unit, displayed enhanced photophysical prop-
erties. Fluorescence quantum yields of the naphthalimide reporter
versus 26 differed by 120-fold (Fig. 14). Evaluation of hNQO1 to
activate 26 showed that the less bulky linker is responsible for
the higher catalytic efficiency in comparison to previously synthe-
sised 24 by 100-fold. Furthermore, uptake and activation of 26 was
observed through obvious green fluorescence in both colorectal
HT-29 cells and ovarian cancer cell line (NIH: OVACAR-3). High
sensitivity and selectivity coupled with low toxicity, renders 26
applicable for in vivo imaging studies as a hNQO1 turn on fluores-
cent probe [33,84].

Min Hee Lee et al. also reported the synthesis of naphthalimide
based fluorescent probes consisting of a quinone substrate
(Fig. 16). By introducing a triphenyl phosphonium salt onto the
naphthalimide moiety of probe 27 rapid detection of hNQO1 was
achieved under physiological conditions. Significant fluorescence
intensity increases were also observed for the triphenyl phospho-
nium naphthalimide piperazine 27 at 540 nm in comparison to
n-butyl naphthalimide piperazine. Confocal microscopy demon-
strated the uptake of 27 in A549 cells with clear green fluorescence
while only weak fluorescence was observed in H596 cells. More-
over, with the use of organelle-selective staining dyes it was
revealed that 27 was localised to the endoplasmic reticulum, lyso-

somes, and mitochondria in A549 cells (Fig. 17). Selectivity of the
probe in A549 cells was also evidenced by the pre-treatment of
cells with dicoumarol, an hNQO1 inhibitor, as seen by a notable
decrease in fluorescence intensity upon treatment. Probe 28 based
on dual emission of a coumarin-naphthalimide hybrid was also
reported where it was shown to take advantage of trimethyl locked
quinone propionic acid as an hNQO1 enzyme substrate (Scheme 5).
Activity of hNQO1 could be monitored via the changes at two emis-
sion wavelengths (emission at 460 nm and 540 nm) upon reduc-
tion and cyclisation of the quinone moiety, with saturation of
fluorescence response within 30 min. The fluorescence intensity
ratio (Isgonm/lasonm) Was analysed and showed a significant
increase upon 2-hours of incubation with A549 cells while in the
presence of A549 cells pre-treated with dicoumarol the response
was significantly less (Fig. 18). 28 shows potential to be used for
in vivo imaging of hNQO1 as a result of its ratiometric fluorescence
response in A549 cells [85,86].

4. Other oxidoreductases

Other members of the Oxidoreductase family, such as Thiore-
doxin reductases (TrxRs) are responsible for vital functions
in vivo, carrying out various roles towards the maintenance of
intracellular redox homeostasis through a two-electron reduction
of disulfides to thiols in the presence of NADPH (Scheme 6). TrxRs
such as TrxR1 and TrxR2 are structurally similar, where they share
the same highly reactive C-terminus selenocysteine residue that
possesses a wide substrate margin. This results in both TrxRs being
involved in similar roles such as DNA repair and gene transcription
[87-91]. Moreover, in many diseases such as cancer and neurode-
generative diseases, TrxRs may be overexpressed or malfunction
and are thus represent an interesting target for fluorescent probes
[92,93].
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Fig. 18. (Left) Inhibitory assay of NQO1 activity measured with Probe 28, using dicoumarol as an inhibitor. A549 cells were treated with 28 (10 uM). (Right) Shows the
Fluorescence intensity-ratio of 28. Reprinted from Dyes and Pigments, Volume 164, Park, S. Y.; Won, M.; Kang, C.; Kim, J. S.; Lee, M. H. A coumarin-naphthalimide hybrid as a
dual emissive fluorescent probe for hNQO1, Pages 341-345, Copyright 2019, with permission from Elsevier.
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Scheme 6. The two-electron reduction of a disulfide to a thiol in the presence of
TrxR and NADPH.

Fang and co-workers developed fluorescent probe 29 (Fig. 19)
for thioredoxin reductase (TrxR), featuring a 4-amino-n-butyl-
1,8-Naphthalimide moiety and a 1,2-dithiolane enzyme substrate
acting to quench the naphthalimide fluorescence. Under physio-
logical conditions, reduction of 29 by TrxR and NADPH via disul-
phide bond cleavage yields a five membered cyclic carbamate
and free naphthalimide caused by an intramolecular cyclisation;
a fluorescence enhancement observed at 538 nm results. 29 was
also shown to be highly selective amongst intracellular thiols and
reducing agents. Interestingly, U498C, a mutant enzyme of TrxR,
shows just a minor increase in fluorescence intensity even at ele-
vated concentrations, establishing the significance of the seleno-
cysteine residue unique to TrxRs involved in the reduction

12
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Fig. 19. Probes 29 and 30.

mechanism. Moreover, 29 was capable of imaging TrxR in live
Hep G2 cells with bright green fluorescence observed after an incu-
bation period of just 4 h. Notably, a significant decrease in fluores-
cence was observed when Hep G2 cells were previously treated
with 2,4-dinitrochlorobenzene (DNCB); a TrxR inhibitor (Fig. 20)
[94].

Fang et al. also reported a selective turn on fluorescent probe 30
(Fig. 19) for imaging thioredoxin reductase 2 (TrxR2). The probe
was analogous to 29 but differed due to the incorporation of a
triphenyl phosphonium group at the imide position of the naph-
thalimide. This structural change improved the hydrophilicity of
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30 and aiding electrostatic interaction with the negatively charged
C-terminus of the TrxR active site. This change also resulted in a
30-fold increase in fluorescence intensity response to TrxR at
540 nm within 60 min (Scheme 7). 30 exhibited high selectivity
for TrxR in HeLa cells visualised as an increase in green fluores-
cence. Fluorescence colocalization studies also revealed that 30
was confined to the mitochondria as a consequence of the triph-
enyl phosphonium moiety. Furthermore, flow cytometry showed
a significant decrease in relative fluorescence intensity of 30 in a
Parkinson’s disease cell model in which the activity of TrxR2 is sup-
pressed;[93] this renders 30 as a useful biomarker for Parkinson’s
disease.

5. Oxidases

As a sub-class of oxidoreductases, oxidases are classified by the
specificities of their redox reaction and what is the terminal elec-
tron acceptor - in the case of oxidases molecular oxygen (O;) is
the terminal acceptor. In contrast, dehydrogenase(s) remove
hydrogen atoms from a donor in an NAD*- or FAD-conditional pro-
cedure [6]. Probes 31 & 32 (Fig. 21) - reported by the groups of
Singh and Ma, respectively — were designed for the recognition
of tyrosinase, an oxidase capable of oxidation of a hydroxyaromatic
to a catechol and ultimately a quinone in the presence of O,
(Scheme 8) [95,96]. Inequality in tyrosinase activity has been cor-
related with different diseases - some being neurodegenerative —
such as dopamine neurotoxicity, schizophrenia, and Parkinson’s
disease. Likewise, upregulation of tyrosinase can be interconnected
to the formation of melanomas [97]. Because of this, tyrosinase
activity can act as an effective indicator for the clinical diagnosis
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Scheme 8. The oxidation of a hydroxyaromatic to a catechol and ultimately a
quinone in the presence of O, and Ty.
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then addition of Probe 32; (d) Pre-treated with 8MOP for 12.0 hrs, then exposed to UV-A then addition of Probe 32. Reprinted from Anal. Chem. 2016, 88, 8, 4557-4564,

Copyright © 2016, American Chemical Society.

of tumour cells and uneven pigmentation of skin cells. 3-
Hydroxyphenyl - an important feature in the design of probe 31
- was covalently coupled to 4-amino-1,8-naphthalimide via a car-
bamate linkage, which mitigates interference of free radicals and
other biologically-relevant analytes.

The change in the fluorescence emission colour of probe 31,
from blue (467 nm) to green (535 nm) with incremental additions
of tyrosinase to the reaction mixture was observed. As the reaction
progressed, the emission at 535 nm increased regularly with ele-
vated amounts of tyrosinase being added. In short, a ratiometric
change in fluorescence was observed. 31 also demonstrated signif-
icant selectivity and sensitivity to the enzyme, with a detection
limit of 0.2 U mL™1. Ma and co-workers took a slightly different
approach with the design of probe 32, incorporating a 1,8-
naphthalimide with a morpholine and 4-aminophenol-modified
urea trigger. In contrast to probe 31, 32 exhibits an ‘off-on’ feed-
back response to tyrosinase via an oxidation-type cleavage reac-
tion. Curiously, the probe was observed to fluoresce in
melanosomes, although it was shown to partially localise in other
acidic regions such as lysosomes. By utilising and expanding on
this property of 32, Ma et al. imaged the synchronic displacement
of tyrosinase from melanosomes to lysosomes in B16 cells upon
treatment with Inulavosin (Fig. 22). To further compliment this,
the upregulation of tyrosinase in living cells - after Psoralen/
Ultraviolet A (PUVA) addition — was visualised with 32, and this
increased concentration was confirmed by colourimetric assay.
Although the detailed mechanism of displacement needs further
inspection, 32 provides a straightforward perceptible method to
investigate the metabolic breakdown of tyrosinase in cells and
may be used within a clinical-setting for the treatment of
tyrosinase-related diseases in the future.

Monoamine Oxidase-A (MAO-A) is an enzyme that catalyses the
oxidation of monoamines, utilising oxygen during the process.
MAO-A has an increased affinity for hydroxylated amines [98],
and this fact was exploited by Wang and co-workers with the
design of probe 33 (Fig. 21). Expanding from a previously designed
compound [99], probe 33 differs only by the length of the carbon-
chain connecting the nitrogen atom to the 1,8-naphthalimide fluo-
rophore [100]. Nevertheless, probe 33 displayed a remarkable
fluorescence-intensity increase (186-fold) at 550 nm upon reaction
with MAO-A. Probe 33 was able to detect endogenous MAO-A in
living cells and zebra fish, demonstrating the potential for 33 to
be employed in various biological systems.

6. Cytochrome P450

Cytochromes P450 (CYP) are a large family of enzymes contain-
ing heme as a cofactor and function as monooxygenases in phase 1
metabolism in mammals, with metabolism in humans being con-
trolled by several sub families (including CYP1A2, CYP3A5, and
CYP3A4). For example, cytochrome P450 1A (CYP1A) is an enzyme
capable of dealkylation of aromatic hydrocarbons (Scheme 9) and
has been shown to be responsible for conversion of pro-
carcinogenic compounds into their carcinogenic forms among
other functions [21]. Hence, detection and monitoring of CYP1A
aids in the identification and evaluation of potential abnormalities
that may arise in association with this important enzyme.

Ling et al. report their success in the synthesis of a fluorescent
probe 34 (Fig. 23) that achieved the visualisation and detection
of CYP1A activity [21]. The group synthesised a number of 1,8-
naphthalimide analogues, however, 34 was found to possess
heightened selectivity, efficient sensitivity and a ratiometric fluo-
rescence change after sequential CYP1A-catalyzed O-
demethylation (Scheme 10). The colour of the samples changed
colourless to yellow, suggesting that 34 could function as a
‘naked-eye’ colourimetric indicator for CYP1A (Fig. 24). The consid-
erable emission response coupled with a desirable bathochromic
shift (112 nm) after the biotransformation implied that 34 could

Cytochrome P450 1A

Heme, NADPH

(X =0, S or NH)
(R = alkyl)

dealkylation

C J

Scheme 9. The dealkylation of an aromatic alcohol, thiol or amine in the presence
of CYP1A and NADPH.
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Scheme 10. General schematic for the conversion of 4-methoxynaphthalimide 34 to 4-hydroxynaphthalimide in the presence of CYP1A and fluorescence modulation based

on pH.

function as a ratiometric probe to measure enzyme activity in bio-
logical samples.

Zhengjian and co-workers designed and synthesised a similar
ratiometric fluorescent probe 36 (Fig. 23) for the detection of
the human CYP1A enzyme [101]. However, in this case, the
imide position of the naphthalimide was functionalised with a
2-(2-aminoethoxy) ethanol moiety. Similar to 34, probe 36 was
selectively dealkylated by CYP1A without interference from the
other CYP enzymes.

Near-Infrared (NIR) probes (emission maxima between 650
and 900 nm) are attractive, due to their reduced photo-induced
damage of sample, enhanced tissue penetration-depth, and mar-
ginal interference from auto-fluorescence [10,37]. The group of
Li-Ying co-workers took advantage of this fact and designed a
series of ratiometric chemo-sensors incorporating the 1,8-
naphthalimide fluorophore for the CYP1A enzyme [102]. The
inclusion of dichlorobenzene and benzothiadiazole (Probe 37)
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acceptor groups onto the ‘head’ of the naphthalimide scaffold
(Fig. 23) effectively increased the ICT distance and expanded
the probability of the two-photon absorption (TPA) transition.
The results from this investigation yielded interesting photoelec-
tronic data regarding the fluorescent naphthalimide scaffold and
may promote the synthesis of more efficient TPA fluorescent
probes.

Building on their previous work, Ling et al. set out to devise an
isoform-specific TPA fluorescent compound 35 (Fig. 23) for CYP1A1
based on the disparity between the 3D-structure and substrate
[103]. The group demonstrated that by introducing a chloroethyl
moiety they could achieve isoform-selectivity towards CYP1A1.
Molecular docking simulations (Fig. 25) concluded that the estab-
lishment of a chloroethyl substituent arranged 35 into a more opti-
mal position within the active site of CYP1A1, over that of CYP1A2.
This suggested that probe 35-O-dechloroethylation could transpire
more promptly in CYP1A1.
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Fig. 25. Molecular docking simulations of 35 into CYP1A1 (a) and CYP1A2 (b).
Reprinted with permission from Chem. Sci., 2017,8, 2795-2803, Published by The
Royal Society of Chemistry.

7. Glycosidases

Glycosidases are enzymes of great interest due to their ability to
carry out hydrolysis of a glycosidic bond (Scheme 11). Their ability
to hydrolyse glycoconjugates resulting in the liberation of a fluo-
rescent naphthalimide moiety is a method that has been exploited
to enable targeted release of the fluorophore. Moreover, the use of
a glycan unit to form glycoconjugates is highly advantageous as it
gives rise to tumour cell targeting and increased solubility in aque-
ous media, deeming these probes highly valuable as chemosensors
[104-108]. B-Glucuronidase (B-Glu) and B-Galactosidase (B-Gal)
are two well-known members of this family of enzymes. p-Glu is
known for its involvement in the degradation of endogenous and
exogenous substances such as bilirubin and glucuronides found
in exogenous drugs [109-111]. It is also known to be overexpressed
in a variety of tumours such as colon carcinoma, renal carcinoma,
as well as liver and prostate cancer; truly a valuable biomarker for
disease [111]. B-Gal is involved in the hydrolysis of lactose to glu-
cose and galactose [112]. More interestingly, it is a biomarker for a
variety of ovarian cancers and cell senescence [113-115].
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Gunnlaugsson, Scanlan and co-workers have recently synthe-
sised a series of naphthalimide based probes consisting of a carbo-
hydrate unit linked to a triazole naphthalimide moiety via a
glycosidic bond [108]. Activation of the probes was achieved by
hydrolysis of the glycosidic bond by either B-Glu or B-Gal. Com-
pounds 38-41 (Fig. 27) were capable of rapid hydrolysis in the
presence of the relevant glycosidase enzyme and furthermore,
uptake of released the naphthalimide moiety could be observed
by green fluorescence within the cytosol of the cell (Fig. 26). Such
glycosidase activated probes will be useful for fluorescent imaging
and for the delivery of 1,8-naphthalimides into tumour cell lines.

Gunnlaugsson, Scanlan and co-workers also reported the syn-
thesis of glycosylated 4-amino-1,8-naphthalimide 43, and related
1,8-naphthalimide-Troger’s base 44. The capability of these com-
pounds to perform as fluorescent probes for lectin binding was
demonstrated where fluorescence modulations arose as a conse-
quence of the disruption of aggregation. Binding studies carried
out amongst other non-lectin proteins established that selective
binding interactions between the o-mannoside probes and Con-
canavalin A (Con A) are responsible for the variations of lumines-
cence; an approach that can be exploited for various biologically
important applications (Fig. 28) [116].

A related paper investigated the self-assembly of 38, 40, and 42
possessing a 1,8-naphthalimide moiety and a glycan unit in protic
polar media. This work demonstrated that these compounds can
resemble the structure of larger biological matter and form lumi-
nescent self-assemblies. Using Helium-lon Beam (HIB) (Fig. 29)
and Scanning Electron Microscopy (SEM) techniques, the authors
were able to confirm that compounds 38, 40, and 42 (Fig. 27) can
manifest as spherical hierarchical self-assemblies. It was also
shown using 42 that by cleaving the glycoside linkage altering of
the compound can be achieved post-synthetically, and that gly-
cosidase enzymes were capable of changing the morphological fea-
tures of the self-assembly [13].

The group of Xiaochi synthesised probe 45 (Fig. 30) for the
detection of B-Glu using a 4-hydroxy-1, 8-naphthalimide moiety.
This probe exhibited fluorescence emission ratio changes from
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Fig. 26. Uptake of Probe 38 by cancer cells. Probe 1 incubated for 3 h at 0.1 mM concentration in cancer cell lines (first row). Second row shows the uptake of the
naphthalimide after an incubation period of 3 h with cancer cell line and B-Gal for 1.5 h. Reproduced from Chemical Communications 2016, 52, 13086-13089 with permission

from The Royal Society of Chemistry.
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Fig. 29. Probe 38 HIB images consisting of glycosylated microspheres at varying concentrations in deuterated methanol. Reproduced from Org. Biomol. Chem., 2020, 18, 3475

with permission from The Royal Society of Chemistry.
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Fig. 31. Selectivity of 45 in the presence of other hydrolase enzymes, and
fluorescence emission at 558 nm and 450 nm after incubation for 30 min with
GLU (10 pg/mL). Reprinted from Sensors and Actuators B: Chemical, Volume 262,
Xiaokui Huo, Xiangge Tian, Yannan Li, Lei Feng, Yonglei Cui, Chao Wang, Jingnan
Cui, Chengpeng Sun, Kexin Liu, Xiaochi Ma, A highly selective ratiometric
fluorescent probe for real-time imaging of p-glucuronidase in living cells and
zebrafish, Pages 508-515, Copyright 2018.
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blue to yellow-green upon sensing p-Glu, while no response was
observed in the presence of common hydrolase enzymes and
other endogenous substance (Fig. 31). 45 was applied for imag-
ing of B-Glu in HepG2 (liver cancer cell line) and LoVo (colon
cancer cell line), which indicated that B-Glu activity in HepG2
cells was much greater than that of LoVo cells. Moreover, 45
was capable of detecting B-Glu in living cells, tumour tissues
and zebrafish. Based on their results it was suggested that 45
could be a sensitive and selective molecular probe for cancer
diagnosis [111].

Wang et al. synthesised a two-photon fluorescent compound 46
(Fig. 30) based on the 1,8-naphthalimide moiety, again taking
advantage of the B-galactose moiety for detecting the B-Gal
enzyme. The morpholine ring was also an important part in the
design allowing for lysosome localisation. Upon enzyme activation
and cleavage of the B-galactose a fluorescence enhancement at
560 nm was observed with a blue to green fluorescence shift
(Scheme 12). The highly sensitive probe 46 could be exploited to
image endogenous B-Gal with a strong green fluorescence
observed with both one and two photon fluorescence imaging in
human ovary carcinoma SKOV-3 cells. Furthermore, merging of flu-
orescence images of the probe with a lysosome targeting dye
(LysoTracker Red DND-99) demonstrated the ability of 46 to image
B-Gal within lysosomes [117].
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Martinez-Mafiez et al. reported a two-photon probe 47 (Fig. 30)
for the detection of cell senescence. The probe consisted of an
acetylated galactose linked to a 1,8-napthalimide fluorophore via
an L-histidine methyl ester linker. The probe displayed a 10-fold
fluorescence enhancement at 540 nm in senescence induced
human melanoma cell line SK-MEL-103, with an absence of fluo-
rescence in control SK-MEL-103 cells treated with 47. This fluores-
cence enhancement being attributed to the hydrolysis of 47 to the
free L-histidine methyl ester naphthalimide reporter. Furthermore,
detection of senescence was achieved in vivo using tumour bearing
mice treated with Palbociclib (senescence inducer). Upon intra-
venous injection of 8 in mice a 15-fold fluorescence enhancement
was observed in tumours after 3 h of treatment. It was also
observed that 47 localises selectively in senescent tumours
amongst other organs (Fig. 32) [118].

Shicong and co-workers reported the development of three flu-
orescent probes for the sensing of B-Gal in aqueous media. These
probes were shown to be responsive to p-Gal as a result of the blue
to green fluorescence emission, and also established cellular local-
isation and low cytotoxicity. One probe in particular, probe 48
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(Fig. 30), proved to be highly sensitive to p-Gal noted by its fluores-
cence response, with a low detection limit in PBS buffer (0.17
U L"), This probe was also capable of two-photon fluorescence
imaging which may render it a useful compound to aid in studying
the functions and mechanisms of p-gal [115].

8. Transferases

Transferases are another family of enzymes in which 1,8-
napthalimides have been exploited as fluorescent probes. Trans-
ferases are capable of transferring a specific functional group (e.g.
a methyl or glycosyl group) from a donor molecule to an acceptor
molecule (Scheme 13). For example, within the liver and endoplas-
mic reticulum, uridine diphosphate glucuronosyltransferases
enzymes (UGTs) are responsible for the transfer of a glucuronic
acid moiety from the donor uridine diphosphate-glucuronic acid
(UDPGA) to an acceptor. UGTs are involved in many cellular meta-
bolic pathways including metabolism of bilirubin and some clinical
drugs such as the chemotherapeutic agent etoposide. Moreover, it
has been noted that many clinical drugs may inhibit the rate of glu-
curonidation of UTG1A1 substrate drugs and endogenous sub-
stances such as bilirubin [119-122]. The Glutathione S-
Transferase (GST) family of enzymes also play a vital role in the
detoxification of many endogenous substances such as secondary
metabolites produced during oxidative stress as well as a variety
of chemical carcinogens [123]. Fluorescent probes for GST can be
useful to determine drug induced liver damage and, furthermore,
GSTP1 has been reported as a biomarker known to be upregulated
in several cancer tissues [124-126].

Taking advantage of these facts, Yang and co-workers devel-
oped a ratiometric fluorescent probe for the detection of human
UDP-glucuronosyltransferase 1A1 (UGT1A1). Probe 49 (Fig. 33), a
4-hydroxy-1,8-naphthalimide bearing a carboxylic substituent
underwent 4-O-glucuronidation in the presence of UGT1A1 and
UDPGA, with an observed fluorescence enhancement of the glu-
curonidated probe at 450 nm. High fluorescence intensity ratios
(26-fold) were achieved by 49 amongst other UGT enzymes such
as UGT1A8 and UGT1A10. A linear relationship for the fluorescence
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Fig. 32. (a) SK-MEL-103 control tumours. (b) SK-MEL-103 senescent tumours after SapGal staining. SK-MEL-103 tumours (c,d) SK-MEL-103 senescent tumours (e,f). Absence
of probe 47 (c,e). Intravenous tail injection of probe 47 (d,f). Fluorescence intensity measurements (g). Reprinted with permission from J. Am. Chem. Soc. 2017, 139, 26, 8808-

8811. Copyright 2017 American Chemical Society.
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Scheme 12. Hydrolysis mechanism of B-Gal. Hydrolysis of Probe 46 to liberate a 4-hydroxynaphthalimide moiety.
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Scheme 13. Schematic representation of transfer of a functional group from a
donor molecule to an acceptor in the presence of a transferase enzyme.

ratio (I450/Is64) With increasing concentration of the UGT1A1 in the
presence of 49 was observed. Furthermore, esterification of 49
allowed for facile uptake in HepG2 cells (via endogenous esterases)
where the glucuronidated probe 49 displayed an intense blue flu-
orescence exhibiting its potential as a ratiometric fluorescent
probe for human UGT1A1 in cellulo [127].

Yang et al. also developed probe 50 (Fig. 33) for the sensing of
uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1). Probe
50 consisted of N-butyl-4-phenyl-1,8-naphthalimide with a phe-
nolic group on the 4-position which established PET quenching.
Turn on fluorescence of 50 relied on O-glucuronidation which dra-
matically enhanced its fluorescence emission at 520 nm in the
presence of UGT1A1 and co factor uridine diphosphate-
glucuronic acid (UDGP) (Scheme 14). 50 displayed high sensitivity

f/
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Fig. 34. Two-Photon fluorescence visualisation of drug induced liver injury
samples. Reprinted with permission from Anal. Chem. 2017, 89, 15, 8097-8103.
Copyright 2017 American Chemical Society.

and selectively for UGT1A1 under complex physiological condi-
tions and was also capable of monitoring the activity of UGT1A1
in HepG2 cells (which show high expression of UGT1A1). Further-
more, 50 was capable of binding at the same enzymatic site as
bilirubin, proving reliable for real time analysis of UGT1A1 in bio-
logical samples [128].

NO,
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Scheme 15. The reaction of Probe 51 acting as a donor molecule in the transferase
reaction of a 2,4-dinitrobenzenesulfonate with GST.
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Scheme 14. O-glucuronidation of Probe 50.
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Fig. 35. Chemical structures of probes 53 and 54.

Feng et al. reported the design of an “off-on” two-photon (TP)
probe 51 (Scheme 15) featuring, a 2,4-dinitrobenzenesulfonate
(Glutathione S-transferase (GST) substrate unit and quencher)
and a 1,8-naphthalimide derivative (fluorophore). 51 exhibited
an absorption peak at 450 nm and showed no fluorescence emis-
sion in the absence of GST. However, upon addition of GST (Scheme
15), the absorbance maximum was blue-shifted to 437 nm and an
increase in fluorescence intensity (40-fold) was achieved, with a
35 ng/mL detection limit. 51 was highly selective for GST in com-
parison to other relevant biological species Successful confocal
microscopy of 51 allowed for the imaging of GST in cells and
Drug-induced liver injury (DILI) samples (Fig. 34), demonstrating
that 51 may be used as a promising practical diagnostic in biolog-
ical samples [129].

Fujikawa et al. also reported the use of a naphthalimide based
probe, 52 (Scheme 16) as a fluorogenic substrate for GST. In the
presence of GSTP1-1 and GSH a significant fluorescence enhance-
ment (837-fold) is observed at 503 nm as a result of thiolate react-
ing at the ipso carbon atom, replacing the bromo group. 52 was
shown to be non-reactive in the presence of various redox species.
Furthermore, 52 was capable of visualising GST activity in live cells
seen by visually clear green fluorescence output primarily being
activated by GSTP1, 52 also proved itself capable of differentiating
between cancer cells (fibrosarcoma HT1080 cells that express
endogenous GSTP1) and normal cells (HT1080 cells with RNAi
treatment to suppress GSTP1). They also showed that derivatives
of the 4-bromo-1,8-naphthalimide with different substitution at
the imide site (such as ethyl, phenyl, hydroxyethyl or p-benzoic
acid) were useful for imaging of GSTP1 in live cells [130].

Naphthalimides have also been exploited as probes for another
class of transferases, glucosyltransferases. Ma and co-workers syn-
thesised a probe capable of detecting glucosyltransferases (GTs) in
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Fig. 37. Chemical structures of compounds 55 & 56.

Fungi. Probe 53 (Fig. 35) was simply a N-butyl-4-hydroxy-1,8-
naphthalimide in which the 4-position could accept a glucosyl
group. By increasing the concentration of GT in the presence of
UDGP, emission of 53 at 556 nm decreased while emission at
446 nm increased upon glucosylation under physiological condi-
tions. While 53 showed high sensitivity, it also achieved high selec-
tivity amongst various glycosyltransferases and glycoside
hydrolases. Furthermore, blue fluorescence was observed under
UV light when 53 was incubated with several fungal strains owing
to the GTs present in R. oryzae and M. citcinelloides. Two photon flu-
orescence imaging (Aex = 800 nm) showed an even greater fluores-
cence intensity output [131].

James et al. synthesised a fluorescent probe 54 (Fig. 35) for the
detection of Streptococcus mutans glucosyltransferase which is
known to play a key role in tooth decay. 54 consisting of a N-phene
thyl-4-hydroxy-1,8-naphthalimide moiety that could accept a glu-
cosyl group from uridine-diphosphate glucose (UDPG) in the pres-
ence of Glucosyltransferase (GTF). A linear relationship of
fluorescence ratio (I440/I560) Was observed with increasing concen-
trations of GTF, with selectivity established for GTF amongst other
glycosidases and hydrolases. Upon incubation of 54 with different
strains of bacteria it was noted that blue fluorescence observed in
Streptococcus mutans had the highest level of GTF expression
(Fig. 36). Furthermore, 54 was applied as a screening method for
the evaluation of epigallocatechin gallate and gallocatechin gallate
as potential inhibitors of GTF's [132].

v-Glutamyl transferase (GGT) is one of the many amino acyl-
transferases that act on amine functionalities to transfer peptide
bonds. GGT is an enzyme which selectively catalyses cleavage of
the y-glutamyl bond of glutathione (GSH). Various cancer cell-

ratio

0.5 1

0.4 1

Fig. 36. Fluorescence images of Streptococcus mutans. Glucosylated probe 54 (Aex = 405 Aem = 415-465 nm) (left), Probe 6 (ex = 405 rem = 535-585 nm) (middle left),
Merged image (centre), Fluorescence ratio (I415-465/I535-585 nm) (mMiddle right) (right). Reproduced from Chem. Commun., 2019, 55, 3548. Published by The Royal Society of

Chemistry.
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Scheme 16. Nucleophilic aromatic substitution of 52 at the ipso carbon.

lines have been described that overexpress GGT, allowing this
enzyme to be recognised as a possible cancer biomarker [133].
With this in mind, Guo and co-workers reported a sequential
ICT-reactive probe 55 (Fig. 37), for the detection of DNA deteriora-
tion in cancer cells [134]. GGT and N-acetyltransferase (NAT) were
chosen as the recognition target because GGT & NAT are upregu-
lated in cancer and in localised regions of tarnished DNA, respec-
tively. L-Glutamate (Glu) and an imino group (at the 5-position)
were utilised as the enzyme substrate. In its latent state, 55 dis-
plays blue fluorescence (441 nm), which remains stagnated on
the cell-surface due to its hydrophilicity. However, the cell-

Direct Enzymatic Cleavage by 55
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Fig. 38. Probe 57 and 58.

membrane-bound GGT enzymatically cleaves the Glu-unit, and
55 emits a green fluorescence (531 nm) due to the initial ICT mech-
anism (Scheme 10). Subsequently, the amino-group in the 5-
position of the fluorophore is acetylated by NAT to give -NH-
CO-CHs. Now localised in regions of DNA damage, a blue fluores-
cence (455 nm) signal is seen again due to the manifestation of
the second ICT mechanism.

Many of the market-available GGT probes - designed using the
direct conjugation of a y-glutamyl group - generally have slow
enzyme kinetics due to the rather large fluorophore being in close
proximity to the enzyme’s specificity pocket [135].
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Scheme 17. Comparison of direct enzymatic cleavage approach versus the transcyclization method.
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Fig. 39. (Left) fluorescence intensity ratio vs. time of 58 (10 mM) in the presence of different activity of ALP (colour coded) A.x = 425 nm. (Right) Schematic representation of
the sensing mechanism of 58 in the presence of ALP. Reprinted from Analytica Chimica Acta, Volume 1066, Congcong Gao, Shunping Zang, Longxue Nie, Yong Tian, Rubo Zhang,
Jing Jing, Xiaoling Zhang, A sensitive ratiometric fluorescent probe for quantitive detection and imaging of alkaline phosphatase in living cells, Pages 131-135, Copyright 2019,

with permission from Elsevier.

Alkaline Phosphatase (ALP)

ALP, H,O
O
\\F’/OH & O\\ ~OH P
R/\O/ \ —_ > HO/P\ + R OH
OH OH
Phosphate monoester Phosphate alcohol

Scheme 18. The hydrolysis/ dephosphorylation of phosphate monoester to phos-

phate in the presence of ALP.
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Probe 56 (Fig. 37) reported by Wang et al. [136] took advan-
tage of a trans-cyclisation cascade reaction (Scheme 17). This
method facilitates the installation of a cumbersome fluorophore
abroad from the active site to boost the probe’s kinetic rate. In
turn, this facilitated rapid in situ detection of GGT activity. Initi-
ated by the cleavage of the y-glutamyl group, the reaction results
in the formation of a six-membered thiomorpholinone ring. The
trans-cyclised product exhibited a fluorescence increase of more
than 200-fold (at 473 nm), with a detection-limit equal to
0.21 mU/mL. Notably, when compared to other probes based on
the 1,8-naphthalimide fluorophore, 56 does not contain a free
amino group after enzymatic cleavage. This conveniently excludes
conceivable issues that may arise from the interaction of other
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Fig. 40. Chemical structures of compounds 59-63.
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Fig. 41. (a) Absorption and fluorescence emission spectra of 59 (10 uM) after reaction with CHT. (b) Fluorescence response of 59 (10 ptM) to amino-acids and bio-thiols in
HEPES buffer. Reprinted with permission from Sensors & Actuators: B. Chemical (2018) 204-210, Copyright © 2018 Elsevier B.V. All rights reserved.
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Scheme 19. Mechanisms of peptide bond cleavage associated with protease/peptidase activity.

enzymes, which can frequently lead to arduous time-dependent
fluorescence responses.

9. Alkaline phosphatases

Alkaline phosphatase (ALP) is a hydrolase enzyme involved in
the hydrolysis/dephosphorylation of a wide range of phosphory-
lated biomolecules (Scheme 18) [137]. Atypical levels of ALP are
characteristic of several cancers (e.g. bone and prostate cancers)
as well as osteoporosis and hepatitis, rendering ALP another valu-
able biomarker for medical diagnostics [138-142].

Bhuniya and co-workers synthesised probe 57 (Fig. 38) capable
of detecting lysosomal phosphatase by hydrolytic cleavage of a
phosphate moiety at the 4-position. In the presence of phos-
phatase, a fluorescence enhancement of 45 fold was observed at
560 nm (blue to yellow fluorescence) as well as an expected red
shift in the absorption spectra from 370 nm to 450 nm. 57 dis-
played a low detection limit of 1.2 ng/mL towards phosphatase
as well as a high selectivity in comparison to other biologically rel-
evant analytes such as glutathione, ascorbic acid, and cysteine. 57
also proved useful in the detection of phosphatase both intracellu-
larly and extracellularly in LNCap cells (prostate cancer cell line)
where localisation was to lysosomes as a result of the lysosomal
targeting moiety at the imide site [31].

Zhang et al. reported the use of a naphthalimide based ratio-
metric fluorescent probe 58 (Fig. 38) capable of detecting ALP as
a result of the phosphate moiety at the 4-position. Upon hydrolysis
of the phosphate a change in fluorescence from blue to a strong
green emission at 556 nm was observed. The probe displayed
excellent specificity for ALP where a dramatic fluorescence change
was observed in comparison to other enzymes such as car-
boxylesterase and B-D-Glucosidase. Additionally, 58 showed green
fluorescence in HepG2 cells in which ALP is overexpressed. This
intense increase in emission is thought to be a result of the ICT
characteristics of the liberated naphthalimide and further exempli-
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fies the usefulness of naphthalimides in monitoring and detecting
endogenous ALP activity (Fig. 39) [143].

10. Proteases and peptidases

Proteases play a crucial role in coordinating many physiological
processes from the digestion of food to blood clotting. Moreover,
recent reports suggest their implication in various cancers,
including hepatocellular, prostate, and pancreatic carcinomas
(Scheme 19). Proteases belong to a group of hydrolases in which
they facilitate the breakdown of peptide bonds in proteins
(Scheme 19). In general, proteases fall into 4 distinct categories,
each with their own corresponding mechanistic process: Aspartyl,
Metallo-, Cysteine and Serine proteases. Within the active-sites of
cysteine and serine protease, the corresponding residue is adjacent
to an electron-withdrawing group, this promotes nucleophilic
attack on the peptide bond. In the case of aspartyl and metallo-
proteases, a molecule of H,O is “activated” to serve as the nucle-
ophile instead of the enzyme itself [ 146]. Although different classes
of protease(s) exist, the process of peptide-bond cleavage is gener-
ally the same. The design of fluorogenic probes that target pro-
teases can be attained by assimilating specific amino acid
sequence(s) or peptidomimetics as concealing groups or linkers.
The recognition sequences of protease enzymes can vary, with
some ranging from one amino acid, to over 20 [6].

Many protease-activated probes have been recorded in the lit-
erature [147,148]. However, until recently, examples that exploit
a 1,8-naphthalimide as the fluorescent core have remained scarce.
Nanyan et al. have designed a ratiometric fluorescent probe 59 for
the detection of Chymotrypsin (CHT) by assimilating a 4-
bromobutyryl group into the fluorescent scaffold of the 1,8-
naphthalimide core (Fig. 40) [149]. CHT enzymatically removes
the 4-bromobutyryl substituent from the naphthalimide and dra-
matically transforms its photophysical properties, thus achieving
ratiometric detection of CHT. The acuteness of 59 was examined
against metal ions, anions, biomolecules, and common enzymes.
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The investigation showed no significant fluorescent changes,
except for trypsin. Moreover, 59 displays high binding affinity
and catalytic efficiency (detection limit = 8.4 ng/mL) against CHT
(Fig. 41) [149].

Endoplasmic Reticulum Aminopeptidase 1 (ERAP1) plays a cru-
cial role in antigen transformation, and ERAP1 disturbance has
shown to be implicated in various diseases [150]. This makes mon-
itoring its activity an efficient method for disease diagnosis and
treatment. To this end, Weihong and co-workers report the synthe-
sis of probe 60, which utilises L-leucine as a trigger moiety and a
methyl sulphonamide (Scheme 20) as an ER-targeting scaffold for
visualising ERAP1 activity [151]. 60 displayed impressive sensitiv-
ity to ERAP1, boasting a 95-fold fluorescence increase at 550 nm.
Interestingly, the authors demonstrated that 60 can be used to
oversee discrepancies in ERAP1 under particular conditions. HeLa
cells that were treated with IFN-y showed increased amounts of
ERAP1, which were monitored by 60. It was also demonstrated,
that after the treatment of HeLa cells with N-ethylmaleimide or
dithiothreitol, 60 was able to show the changes in the ER by visu-
alising the activity of ERAP1. These results showcased the ability of
60 to expose ERAP1-related diseases.

Not unlike ERAP1, aminopeptidase N (APN) has become an
important biomarker for the diagnosis and prognosis of various
cancers, including colorectal cancer and ovarian cancer [152].
Moreover, it has been established that APN holds an integral posi-
tion as an indicator for cancer stem cells, thus becoming of interest
as a target for the construction of fluorescent probes [153]. An
approach reported by Fang et al. [154]| incorporated the 1,8-
naphthalimide fluorophore, and alanine/norvaline as the trigger
moieties. Of the more promising probes, 61 (Fig. 40) showed a dis-
tinct shift from 460 nm to 550 nm, and the ratio of fluorescence
intensities increased from 0.45 to 4.67 after 50 min incubation
with porcine APN (0.2 IU). Notably, ES-2 cells incubated with both
61 and Bestatin (inhibitor), exhibited blue nuclear fluorescence but
largely quenched green fluorescence in the cytoplasm. The signifi-
cant differences in fluorescence responses demonstrated that
probe 61 may be employed for visualising APN in living cells.

Another protease enzyme that has received a lot of attention
recently is dipeptidyl peptidase IV (DPPIV), a serine protease with
roles in endocrine control and cell metabolism, amongst others
[155]. The pervasive expression and activity of DPPIV allows the
enzyme to contribute to physiological processes, such as the gover-
nance of glucose metabolism. Thus, DPPIV has been employed as a
treatment of type 2 diabetes. It has also been shown to serve as a
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receptor for Middle East respiratory syndrome (MERS) coronavirus
infection [156]. This evidence suggests that a disturbance in the
level of DPPIV may provide insight into the early diagnosis of
DPPIV-related diseases [157]. Guang-Bo Ge and co-workers
reported a novel 1,8-naphthalimide-containing fluorescent probe
62[157] for the detection of DPPIV in organic systems. One of the
main advantages of 62 was its excellent two-photon properties
(Fig. 42) and the fact that it could be excited with NIR-light. The
authors demonstrated that 62 could measure endogenous DPPIV
in kidney tissue (murine) by utilising confocal microscopy under
laser excitation at 805 nm. Similarly, the group of Dimitrova
designed an enzymatic-probe 63 for detecting DPPIV with naph-
thalimide as its fluorescent core [158]. However, probe 63
exploited the enzyme’s ability to hydrolyse hydrazide bond(s) as
its trigger moiety. Like probe 62, 63 was applied in tissue sections
of rat and mouse organs to reveal the location(s) of DPP IV. These
findings suggest that both probes (62, 63) may be adapted for
use in living systems, to measure and investigate endogenous
DPPIV activity.

11. Hydrolases

Hydrolases are a class of enzyme that utilise water to catalyse
the cleavage of covalent bonds (Scheme 21). They are a broadly
classified family of enzymes that include many subtypes such as
lipases, phosphatases, glycosidases, peptidases and nucleosidases
to name just a few and they are ubiquitous in nature [159]. It is
of no surprise then, that hydrolases are prominent targets of
enzyme-activated fluorogenic probes.

Han et al. designed a naphthalimide-based probe 64 capable of
the detection of S-adenosylhomocysteine hydrolase (SAHase)
[160]. The probe consisted of a 1,8-naphthalimide moiety linked
to an adenosine moiety via a thioether bond which underwent
hydrolysis in the presence of the enzyme (Scheme 21). PET
quenching of the 1,8-naphthalimide fluorophore was facilitated
by the adenosine moiety but gave rise to a fluorescence enhance-
ment (10-fold) at 470 nm in the presence of SAHase. The response
was a proportional relationship between fluorescence intensity
and SAHase concentration. 64 also showed great selectivity
amongst relevant biological species and other hydrolases. More-
over, green fluorescence was observed in HL-60 human promyelo-
cytic leukaemia cells due to activation of 64 by SAHase. Specificity
for SAHase in cellulo was proven by much weaker fluorescence
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—
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Fig. 42. Chemical structures of compounds 64-66.
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Scheme 20. General schematic for protease cleavage of naphthalimide substrate 60.
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and water.

when HL-60 cells were pre-treated with inhibitor
deazaneplanocin-A and by the fact that there was no fluorescence
enhancement in the presence of homocysteine.Scheme 22

Another sub-class of hydrolase, steroid sulfatase (STS) has the
job of cleaving sulphate from a parent substrate. It is produced pre-
dominantly in the endoplasmic reticulum (ER), and the activity of
STS has been implicated in numerous types of cancers, among
them, oestrogen-related breast cancer [161]. Recently, the group
of Xiao Bing and co-workers reported the synthesis of probe 65
to monitor endogenous steroid sulfatase activity (Fig. 42) [162].
The authors were able to achieve detection of STS activity via a
ratiometric fluorescence response, with enhanced selectivity and
sensitivity over commercially available probes. Upon one- and
two-photon excitation, 65 exhibited fluorescence signal changes
that allowed the assay to differentiate between various cancer
cell-types (e.g. oestrogen-dependent) and healthy cells, with
tissue-depth penetration of 120 uM. The experimental evidence
collected suggests that 65 may pave the way for better STS-
related cancer treatment in the future.

26

Hexosaminidase (Hex) is another biomarker of interest, how-
ever, very few fluorescent probes have been engineered to evaluate
its activity. One of the most popular fluorescent probes for Hexs is
4-MU-GIcNAc [163], but its metabolite (4-methylumbelliferone)
suffers from poor water solubility and no obvious colourimetric
change after cleavage [164]. To improve on this, Jianjun and co-
workers synthesised an enzyme-activatable fluorescent probe 66,
functionalised with ethylene glycol, and using N-acetyl-p-d-
glucosaminide as the enzyme substrate (Fig. 42) [165]. Upon acti-
vation by Hex, the glucoside linkage of 66 is cleaved rapidly with
measurable colourimetric and fluorescent changes (Fig. 43). The
fluorescence intensity at 540 nm (66 + Hex) increases rapidly,
effectively eclipsing the emission at 475 nm (66), with an isos-
bestic point at 496 nm. 66 displayed enhanced hydrophilicity
and fluorescent characteristics which could be applied to comple-
ment the visualisation of intracellular Hexs.

Another recent example reported by Nalder et al. detailed the
syntheses of 4-Hydroxy-N-propyl-1,8-naphthalimide esters 67 -
69 (Fig. 44) as fluorescence probes for the analysis of lipase and
esterase activity [166]. The authors showed that each of the esters
were stable under a set of representative assay conditions (50 M
probe in 50 mM Tris-HCI, pH 8.0, 0.01% gum arabic, DMSO 0.5% v/v,
at 30 °C) with very little spontaneous hydrolysis observed. More-
over, non-specific hydrolysis by proteins such as bovine serum
albumin (BSA) was also negligible, particularly for the palmitate
based ester 69. On the other hand, treatment of 67-69 with differ-
ent classes of carboxylester hydrolases, such as lipases and
esterases gave rise to varying responses with respect to the hydrol-
ysis of the various chain length esters. Lipases preferentially
hydrolysed the medium chain ester 68, whereas esterases reacted
more readily with the shorter ester 67. In all cases, an increase in
fluorescence (Aem, = 555 nm) could be used to quantitatively
determine the hydrolysis profiles of the various enzymes and rep-
resents a simple and rapid assay to analyse a range of hydrolytic
enzymes.

12. Conclusions and outlook

From the above examples it is clear that the 1,8-
naphthalimide is a versatile and effective scaffold on which to
build fluorescent probes for a wide variety of enzymes. Indeed,
the diversity of analytes that have been targeted, and the various
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approaches to sensing is a clear demonstration of their utility.
While the majority of examples rely on the ‘release’ of the 4-
amino or 4-hydroxy-1,8-naphthalimde structures, new cyclisation
approaches and cascade reactions are emerging that also give rise
to measurable fluorescent modulations. Indeed, the potential for
alternative mechanisms is bolstered by the sheer volume and
diversity of enzymatic analytes that exist. Similarly, their cell
permeability and sub-cellular localisation characteristics further
emphasise the usefulness of 1,8-naphthalimides and reinforce
their utility as an effective tool in the study of biological systems,
both in vitro and in vivo. The included examples are just a brief
glimpse at the overall possibilities. Future directions may look
to focus on reversible bond formations that will allow the mea-
surement of fluxional aspects of cellular environments. For exam-
ple Pfeffer, New and co-workers have recently reported a
fluorescent naphthalimide NADH mimic that allows continuous
and reversible sensing of the redox state in a cellular environ-
ment [167]. Another likely direction will be the synthesis of
naphthalimide based theranostics. Given the known therapeutic
ability of several classes of naphthalimides [56,168], probes
capable of both detecting a biomarker of interest while simulta-
neously releasing an active naphthalimide drug will offer obvious
advantages. Thirdly, the optimisation of the fluorescence
response from new probes will likely be developed in the coming

o ZO
S

(0]

68

Fig. 44. Chemical structures of compounds 67-69.
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years. Some recent examples have shown the ability to shift flu-
orescence maxima in to the red region of the visible spectrum
[169,170]. Lower energy emitters will have obvious advantages
for biological tissue penetration, the avoidance of high energy
excitation and also show enhanced contrast against autofluores-
cence. Certainly, with the speed and volume of biomarker
discovery and the versatile synthetic methods that are being
developed, we can only hope that the reporting of 1,8-
naphthalimide based probes for these valuable biomarkers will
continue to keep pace.
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