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of Chemistry Zn?*, as the second most abundant d-block metal in the human body, plays an important role in a wide
range of biological processes, and the dysfunction of its homeostasis is related to many diseases,
including Type 2 diabetes, Alzheimer's disease and prostate and breast cancers. Small molecule
fluorescent probes, as effective tools for real-time imaging, have been widely used to study Zn®* related
processes. However, the failure to control their localisation in cells has limited their utility somewhat, as

they are generally incapable of studying individual processes in a specific cellular location. This
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Accepted 7th October 2020 perspective presents an overview of the recent developments in specific organelle localised small

molecule fluorescent Zn?* probes and their application in biological milieu, which could help to extend
our understanding of the mechanisms that cells use to respond to dysfunction of zinc homeostasis and
its roles in disease initiation and development.
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Introduction

Zn>" is the second most abundant d-block metal ion in the
human body, with a total content of about 2 g, most of which is
bound to proteins. It is estimated to exist in over three thousand
proteins and is widely used for catalytic, regulatory, and struc-
tural roles."” Zinc plays an important part in a wide range of
biological processes, such as brain function and pathology,
immune function, gene transcription, and mammalian repro-
duction. Due to this, it is unsurprising that problems with zinc
homeostasis are associated with many diseases, including Alz-
heimer's disease,® prostate cancer,* type 2 diabetes,” and
immune dysfunction and infection.® Whilst the majority of zinc
is found in bound forms, there exists a pool of ‘mobile’ or ‘free’
zinc, which initiates transient signals that stimulate various
physiological processes, though its concentration in the cytosol
is only in the picomolar range.” The thiol-rich metallothioneins
(MTs) and zinc transporters are normally involved in the
processes to maintain cellular zinc homeostasis.” MTs acting as
Zn** buffers, can bind a large amount of Zn>* and release it
under conditions of oxidative stress due to the antioxidant role
it plays. There are two main families of zinc transporters, ZIP
and ZNT, which control the import and export of cytosolic zinc
to intracellular organelles or extracellular space (Fig. 1).® Mobile
Zn>" is associated with the regulation of gene expression,
insulin secretion, and is also considered as a signalling ion for
intra- and intercellular = communication, such as

“The Joseph Priestley Building, School of Biological and Chemical Science, Queen Mary
University of London, Mile End Road, London, E1 4NS, UK
*The Lennard-Jones Laboratories, School of Chemical and Physical Science, Keele
University, ST5 5BG, UK. E-mail: m.watkinson@keele.ac.uk

1366 | Chem. Sci, 2020, 1, 1366-11379

neurotransmission.® Therefore, effective methods are required
to image mobile Zn** at the cellular or subcellular level in order
to understand these processes.'®

Since Zn** has a d*° configuration, it is redox inert in biology
and is rendered spectroscopically silent for most of the commonly
used photo-spectroscopic techniques." As a result, the develop-
ment of fluorescent chemosensors has become popular for non-
invasive real-time Zn>" imaging in which a change in the fluo-
rescence intensity or wavelength occurs due to analyte binding,
which leads to signal output. The most commonly used probes
utilise a switch on fluorescent mechanism in which photon-
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Fig. 1 Zinc transporters (ZIP importers and ZNT exporters) and met-
allothioneins (MTs) to control cellular and subcellular zinc homeo-
stasis. Reproduced from ref. 8 with permission from the Royal Society
of Chemistry, Copyright [2014].
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induced electron transfer (PET)"™** is prevented upon zinc
binding (Scheme 1). Typically, such fluorescent chemosensors
contain a fluorophore (the signal source), a short spacer unit and
a receptor (the recognition site). In addition, fluorescent probes
utilising intermolecular charge transfer (ICT)*'® and Forster
Resonance Energy Transfer (FRET)"'® mechanisms have also
been widely applied in biology. In the biological environment,
fluorescent chemosensors are generally involved in a competitive
exchange equilibrium with endogenous ligands and proteins and
thus detect changes of mobile Zn>" pools rather than total cellular
zinc levels. Therefore probes displaying high sensitivity with low
detection limit, high specificity and selectivity to distinguish Zn**
from competing metal ions are preferred.

There are three main types of fluorescent sensors for bio-
logical zinc imaging: small molecule probes, protein-based
biosensors and peptide targeting fluorescent sensors. Protein-
based biosensors and peptide targeting fluorescent sensors
can localise to specific organelles by introducing genetically
encoded site-directing proteins and selecting specific amino
acid sequences, which have high affinity for the particular
targets.'® However, they are not without some limitations. The
genetically encoded protein-based sensors cannot be trans-
fected into all cell lines, have a small range of excitation and
emission wavelengths available, as well as low photochemical
stability and brightness. The peptide-based sensors are sensi-
tive to proteases in vivo and cell internalization can be difficult,
except for specific peptide sequences. In contrast, small mole-
cule fluorescent probes can display high sensitivity and selec-
tivity, low toxicity, and good photophysical properties. However,
the failure to control the small molecule probes' cellular or
subcellular location can limit their utility somewhat.

In the last two decades, there have been considerable efforts
to overcome this problem. At the subcellular level, organelles
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Scheme 1 Generic representation of the three main probe classes
utilised in the fluorescent imaging of mobile Zn**
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require zinc for their normal function and the dysfunction of
zinc homeostasis results in pathological processes, such as
cellular stress, and these can induce cell apoptosis. Therefore,
the development of Zn>* probes capable of predictable and
reliable subcellular localisation is required for biological
applications. Reviews exist that summarize a range of sub-
cellularly localised fluorescent probes, for cations, anions, or
small molecules,*** however, a summary of the recent devel-
opments in subcellularly localised Zn** probes has, to our
knowledge, not yet appeared. In this perspective, an overview of
the recent development in specific organelle localised small
molecule fluorescent Zn>* probes is presented together with
their applications in biological systems.

Subcellular localised small molecule
fluorescent Zn®* probes
Plasma membrane targeting

The plasma membrane, also known as the cell membrane, is
mainly formed by a lipid bilayer to protect cells from their external
environment. The membrane controls the import and export of
substances and the selective uptake of ions and organic mole-
cules. Membrane transporters, a class of membrane protein, play
an important role in these processes. As shown in Fig. 1, ZIP 1-6,
ZIP8, ZIP10 and ZIP14 are zinc transporters that control cellular
zinc uptake, while ZNT1, ZNT5B and ZNT10 are responsible for its
efflux through the membrane. Some data have suggested that
when zinc is present in sufficiently high concentration it can act
as a stabilizer of the cell membrane.” It has also been reported
that zinc deficiency in membranes causes a defect in calcium
channels, which also impairs the uptake of Ca**.**

There are relatively few small molecule fluorescent probes re-
ported to image Zn>" in the cell membrane. Due to the phos-
pholipid bilayer nature of the membrane, a highly hydrophobic
group is normally used as a membrane targeting unit. In 2011
Yamamoto et al. reported that cholesterol could be applied as
a cell membrane targeting unit.>® With fluorescein as the fluo-
rophore and an o-aminophenol-N,N,O-triacetic acid-based zinc-
chelating moiety, probe 1 (LF-Chol) showed good cell
membrane localisation and fluorescence response when Zn>* was
added or removed (Fig. 2). More recently, cholesterol was also
applied by You et al. in a deep-red fluorescent probe 2 (J], Fig. 3) to
image Zn**.*® Probe 2 displayed good photophysical properties
and tight Zn*>* binding with a low dissociation constant (4 pM).
Co-localisation experiments in HeLa cells revealed that 2 was
rapidly internalised to intracellular spaces, including the lyso-
some and endoplasmic reticulum (ER), but the localisation in the
membrane was very low (the Pearson's coefficient was reported to
be 0.12). Meanwhile, the authors found that probe 2 facilitated the
influx of exogenous Zn>" in the absence of the pyrithione iono-
phore, while a control probe without cholesterol could not, thus
suggesting that the membrane targeting cholesterol unit per-
meabilised the cell membrane (Table 1).

Besides cholesterol, long alkyl chains have also been widely
used for membrane targeting. Rutter, Li et al. reported the
fluorescent probe 3 (ZIMIR) in which a pair of dodecyl alkyl
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Fig.2 The structure of 1 (LF-Chol). (a) Bright-field transmission image
of Hela cells; (b) the fluorescence of 1 in Hela cells; (c) the fluores-
cence response in the presence of 20 uM Zn?* and (d) the fluores-
cence response after the subsequent addition of 100 uM EDTA.
Reproduced from ref. 25 with permission from the American Chemical
Society, Copyright [2011].

chains were used as the membrane targeting unit as a Zn>*
indicator to image dynamic insulin release.”” The probe was
quenched based on the PET mechanism and displayed a robust
fluorescence increase after binding with Zn>" and showed low
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Fig. 3 The structures of membrane localised fluorescent probes 2-5.
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toxicity and membrane labelling in a wide range of cell lines.
Using this probe, the authors demonstrated exocytotic activity
at subcellular resolution from pancreatic B cells in intact islets
and found that the sites of Zn**/insulin release are mainly in
small groups of adjacent B cells. Similar results were observed
by Watkinson et al. with the plasma membrane targeting Zn>*
probe 4.>® The di-dodecylamide motif as the membrane target-
ing unit was introduced through a one-pot modular ‘click-SyAr-
click’ approach, which was shown to be more efficient in the
synthesis. Probe 4 showed a significant switch on fluorescence
response to Zn>* due to aggregation phenomena, and in cellulo
experiments in mouse pancreatic islets demonstrated its
localisation to the exterior of the plasma membrane. This probe
was subsequently used to measure dynamic insulin secretion by
Hodson et al. since zinc is co-released from insulin-containing
granules.”

Similarly, Cho et al. synthesized the two-photon (TP) probe, 5
(FZn-mem), to image near-membrane Zn>* by introducing
a long alkyl chain to 2-amino-7-(3-oxo-1-dodecen-1’-y1)-9.9-
dimethylfluorene (ADF), a two-photon fluorophore with
a large TP cross section.*® With the same metal-binding motif as
3, probe 5 was shown to be highly selective for Zn>" over
competing cations, and its dissociation constant Ky was deter-
mined to be 20 £+ 0.4 nM and 19 £ 0.2 nM by one-photon and
two-photon spectroscopy, respectively. After TP excitation by
820 nm femtosecond laser pulses, the fluorescence of 5 could be
collected in the emission wavelength range of 450-600 nm, and
near-membrane Zn”* could be detected in living cells and tissue
at a depth of 110 um.

Mitochondria targeting

The mitochondrion is an important organelle in eukaryotic
organisms. It generates most of the chemical energy supply of
adenosine triphosphate (ATP) in all cells, and takes part in

CyoH. CyaH,
y12hes prafhs o
N\/COO

N
0. o]
A
COOe
L)
Z >N ‘) N7 \
QL L

3 (ZIMIR)

o
OOC\/

%o

/Q,NZ]/\/N c.,n..=

MeO

5 (FZn-mem)

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04568c

View Article Online

Chemical Science

Perspective

‘(a/a ‘1 : T) 19PNQ SO : HO¥I UONN[OS UT PaUTRIO 19M SINSAT YL , N 9 F 6 = Py ‘M 08 F 09T = Py

‘INT 0€ F 02T = "PY 5 ‘TN 00T F 0ST = °PY ‘W T°0 F §°€ = 'PY ;°0°S SI Iaynq a3 jo Hd oYL o Y 089,/ 85T 30 O1JeI 9} WOy PIje[nde) , ‘WU §/G 33US[oABM J& UOISSTWD 30UIISIION[J
U0 UIN) WOIj Paje[ndfe)d ,, *0'S Hd [BWOSOSA] 78 PIpI0dal 19Mm I3 UMOYS SHNSAI [[V , TS Hd [eWOSOSA] 38 PapI0dal 2I1am 919Y UMOYS SINSII [[V y Wu 0oy = ¥y wu 695 = Xy, *103dadoe
Jo s1ajowrered oy, y “louop jo s1ojawrered oy, 5 ‘WU 99F = *°y s ‘pa110dal JON , "UONDAIAP JO W] YL » TUBISUOD UONEIDOSSI] , "poA wnjuenb souadsaronyg q ‘JUIIOYFI0D UOIIIUNXS IB[OIN »

AN AU 88T S0°0 20°0 IN IN 14%%4 /4574 Eizs Ive Isgnq SHddH ve

Wu S WU ¥ 61°0 N AN N 9€¢ 9vs (444 19544 Isfnq SHdIH €€

IN AU LT ,£6°0 ;<10 IN 40T X 68°C 81¢S 8T¢S 88¢ 8¢ Iagngq SAON {4

Wd ¢%0°0 Wd 10 F 8T SS0°0 STO0°0 089¥% 0cy (43 (43 09¢ 0¢ Isgnq SHd4H 0¢

UN b 160 ¢10°0 ;0T X 00'% ;0T X I¥'9 SIS SIS (44 867 Iopnq SadId q6¢

AN d €L°0 700°0 ;0T X 09°T ;0T X ¢L'C 145 61¢S 967 667 Iafnq SHdId B6C

AN WUTO0+FL0 £8°0 6€°0 0T X 07°8 0T X 6672 §Ts 0€s L0S SIS Iopnq SHdId 8¢

nd 8¥ WU IT°0 F €8C 820 S0°0 AN UN 1444 1444 )43 )43 Tafgnq SHAHH LT

WU 120 nWu 'y 700 €10°0 UN UN viv 14457 are e Iopgng SHdHIH 9¢

nd v Wu s°¢ ST0 70°0 UN IN 1444 1444 9re 9te Tafgng SHAHH ST

U 8°'S u 6§ 10 10°0> IN IN IN 06¥ AN 907 HO¥ ve

AN U 100°0> 09°0 Tveo ;0T X €6'T 0T X €€°T 879 €29 ges 08y Iopnq SHdId 2€T

IN AU 0£°0 cT0 690°0 40T X 96°C 0T X 69T 0€9 0€9 ves 08¥ Iafng SHJId qec

AN AU 69°0 70 £90°0 0T X ¥9°C ;0T X €6°T 879 §29 0€s 8LV Iaggnq SHAId BET

AN WU 16°T €87€°0 ££00°0 AN IN L1S (454 13494 11474 Ispnq SHdIH 7T

AN U ST 909¢°0 ¥900°0 AN UN STS 60S 1544 vsy Taggnq SHAHH qee

AN WU 7S°1 78%0°0 £200°0 IN IN SIS SIS 4514 9S¥ Isgnq SHdIH L44

UN JAU LT°0 €€°0 €0 UN UN v0s v0s 6S¢ 0S¢ qre

AN JAUT ¥T0 ST0 AN IN y0Ss ¥0Ss S9¢ 0S¢ (T : T) NO¥HD/I9PNq SHITH L4 x4

W 2270 IN UN UN IN IN 9€s 9€s 06¥ 00S J1oPNq SHN 0¢

JAT 9 F €Tt

WM 8%°0 W« ¥ F 89 €20 UN AN UN 8LS LY9 89¢ L6S (T : 6) IDH-SUL/HOM 61

W 81°0 IAUNR €20 €0°0 ;0T X 18T 40T X 6S°T 9¢€s 8¢Ts 1444 SEV Togng SHN 8T

AN WU T'T + 91 LT°0 110 0T X 99°T 0T X 0€¥ s6v s 19¢ §8¢ Tafgng SHN A

AN WU T0F 0T 9%0°0 €00°0 ;0T X 07T 0T X 0T'C ves 0SS 69¥% 96¥ Iepnq SHdIH 9T

AN AU €0°0 F 90 €0°0 F S£°0 100°0> IN IN 6cS Ses 0TS 0TS Iayynq SHId ST
4e0T X 1T 40T X €T 4C09 4C09

UN W1 T°6 6C0 80 50T X L9 50T X I8 €€9 €€9 5€9¢€ sLVE ND*HD 41

AN U T0°0 F S¥°0 cCco 110 AN IN ¥0Ss 0ss 0L€ 0ty Iepnq SHdIH €T

AN WU <o +7cs €0°0 UN OT X TY¥ 0T X T9 Sevs /59 T6€ €Sy Isnq SHdJIH (43

AN WuU?cC+.L1 AN €20°0 AN ;0T X ¢€'T N 69¢S AN 7°6¢€ Iagnq SAON 111

AN Wu v'1 €€°0 8%00°0 ;0T X 0T'C 40T X G8°T 9€s 9€s S6¢ €Iy Iegnq SHddH ot

IN Wurte °6°0 ST°0 ;0T X T€C 0T X 8T €6v 00S SLE 88¢ Tofgng SAOW 6

IN WU ¢TI0 + ST'e §20S°0 GS€0°0 #0T X £9°¢ y0T X¥8°C T€9 679 €LS 69¢ Iopnq SAdId 8

IN WrzoFsT 08°0 9¢°0 LOT X TP ;0T X €°¢ LIS (44 067 L6V Iagng SHAId L

AN U 0T F+ S9 UN AN IN AN SLS SLS AN Svs Iagnq SAON 9

AN WU 70 + 0T AN 61°0 AN ;0T X 79T 0Cs 90¢ STy 007 (T : 1) DAdA/SAON <

IN IN AN AN IN IN 5h44 (11474 LyE LvE Isgnq SHddH 4

AN WM S50 STT0 7€00°0 AN LT X €L SIS SIS €6V €6¥ Iegnq SHdIH €

IN wd v 120 8€0°0 ;0T X 29°€ 40T X 89°¢ 799 €99 L€9 €79 Iopnq SAdId T

AN AU 9T 8T°0 S00°0> AN 2AN LTS LTS 0Ly 0Ly Iogng SHdHH T

»d01 o' ZUZ PIM +zUZ ON ZUZ PHIM +zUZ ON ZUZ PIM +zUZ ON ZUZ PIM +ZzUZ ON juaAj0S 9qoid
@ LW L W/, wu/MPy Xew wu/y Xew

y$—T soqoud jo sansadoud jeaisAydoyoyd ay| T @19el

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 92:2€:TT 9202/T/S U0 papeo|umod "0Z0Z 800100 60 U0 paus!iand 80y sse00y usdO

Chem. Sci., 2020, 1, 11366-11379 | 11369

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04568c

Open Access Article. Published on 09 October 2020. Downloaded on 5/1/2026 11:37:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

many biological processes, such as signalling, the cell cycle, cell
growth and cell death.** Mitochondria are involved in intracel-
lular Zn>" storage and as a co-factor for a wide range of enzy-
matic reactions and Zn>" is closely related to the mitochondrial
respiratory chain.*” It was also reported that zinc can reduce
mitochondrial damage under stress conditions, which can
protect cells from oxidatively-induced apoptosis.*® In contrast,
mitochondrial dysfunction may cause rapid Zn>* entry, which is
one of the major contributors to neuronal injury.** Therefore, to
understand these processes better, mitochondria localised zinc
imaging is in demand.

The first example of a mitochondrial fluorescent Zn>* probe
was reported by Gee et al. in 2003.** Probe 6 (RhodZin-3, Fig. 4)
displayed a 75-fold fluorescence increase after binding Zn>* and
good selectivity over competing cations. The ester form was
loaded into cells due to its membrane permeability and it
showed co-localisation with a mitochondrial marker Mito-
Tracker Green and Zn”>" response in cortical neurons.

In 2006, Lippard et al. synthesized a series of probes and
found 7 (ZS5), displaying green fluorescence, could localise
to mitochondria®® although this was the only probe to display
mitochondrial localisation within a larger series of

COOR

6 (RhodZin-3), R = K

(RhodZin-3-AM), R =)(\OJ\ 7 (ZS5)

Ph3P/\/N OO
9 (SZn-Mito)
- m*@ m( Q
11 (FZn-Mito)

o @
\/\/\/\Ppha _
I ° \/\
o

74
| N N7 Ph3P
N -~
- X
bz N
N

X

[}

[ON

Acceptor
13 (DQZn2)

v ?M 1 WAN@

ﬂ
N

View Article Online

Perspective

structurally similar probes synthesized. Another probe 8
(ZBR4), a red fluorescent probe, was subsequently found to
spontaneously accumulate in mitochondria in 2014 by the
same group.’” However, the localisation was again apparently
serendipitous as this was the only probe in another large
family of probes that failed to localise to the endoplasmic
reticulum (ER).

Delocalised lipophilic cations, such as the triphenylphos-
phonium salt (TPP), are known as effective mitochondrial tar-
geting groups, since they can cross hydrophobic membranes
and accumulate in the mitochondria in living cells. By intro-
ducing this group Kim and Cho et al. obtained a mitochondria-
targeting two-photon probe 9 (SZn-Mito) for Zn*" imaging
(Fig. 5).*® The probe showed a 7-fold increase of two-photon
excited fluorescence after being bound with Zn>" and was able
to detect zinc in living tissues to a depth of 100-200 um through
two-photon microscopy. Just one year later, the same group
developed a similar mitochondria targeting probe 10 (SZn2-
Mito) which had a 70-fold two-photon excited fluorescence
increase in response to Zn>" and displayed similar properties.*
Besides these, another two-photon Zn** probe 11 (FZn-Mito)
was synthesized with a different fluorophore, but it had
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Fig. 4 The structures of mitochondria localised fluorescent probes 6—-14.
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Fig.5 (a) TPM and (b) OPM images of Hela cells co-labelled with (a) 9
(0.5 uM) and (b) Mitotracker Red FM (1 uM) for 30 min; (c) colocalised
image. Reproduced from ref. 38 with permission from the American
Chemical Society, Copyright [2011].

similar mitochondria targeting behaviour and two-photon
emission response to Zn>".*

In 2012 Guo et al. synthesized the ratiometric probe 12 (Mito-
ST) which was capable of imaging zinc ions in the mitochon-
dria.** With Zn** associated, the probe showed a blue shift in
both excitation and emission wavelength. Interestingly, they
observed the concentration of Zn*" in mitochondria started to
increase immediately upon H,0, (10 mM) stimulation and
increased to 1.6 nM (from 0.6 nM) with the ratiometric imaging
result based on the method reported by Tsien et al.*> However,
the Zn>" release stimulated by S-nitrosocysteine (SNOC, 10
mM), a precursor of the NO radical, experienced a lag phase,
and the concentration was much higher (76 nM) compared to
that stimulated by H,O,. In the same year Jiang et al. reported
the quinoline-based ratiometric probe 13 (DQZn2) with similar
properties.* The emission of the probe showed a 46 nm blue-
shift, with about a 5-fold change of the emission intensity ratio
after binding with Zn”>*, which allowed the concentration of
mitochondrial free Zn** to be quantitatively measured in
NIH3TS3 cells.

The mitochondria localised Zn** probe 14 utilising a FRET
mechanism was reported by Zhu et al.** The FRET donor fluo-
rophore displayed a bathochromic shift of emission when
coordinated with Zn>". The spectral overlap between the emis-
sion of the donor and the absorption of the acceptor increased
upon Zn** binding, which enhanced the FRET efficiency. In
HeLa cells, when the probe was excited at 405 nm, red fluo-
rescence with emission wavelength 580-680 nm could be
observed after addition of ZnCl,.

In 2014, a reaction-based fluorescent probe 15 (DA-ZP1-TPP)
was reported to investigate mobile Zn** in mitochondria.*® As
shown in Fig. 6, the phenolic oxygen atoms of the xanthene ring
in the fluorescein moiety was protected with an acetyl group,
which rendered it non-fluorescent in metal-free media. In the
presence of Zn>", the ester group was hydrolysed, and the PET
mechanism quenched by Zn®" association, giving a strong
fluorescence response (more than a 140-fold increase). Inter-
estingly, using this probe, the authors found that tumorigenic
epithelial prostate cells could not accumulate mobile Zn>" in
their mitochondria, compared to that of healthy epithelial
prostate cells, which could.

Lysosome targeting

The lysosome acts as the waste disposal system in cells by
digesting unwanted materials in the cytoplasm. Zn>*

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The structure of the reaction-based probe 15 (DA-ZP1-TPP). Its
fluorescence response to Zn* and co-localisation with Mito-tracker
red. Reproduced from ref. 45 with permission from the National
Academy of Sciences, Copyright [2014].

homeostasis in the lysosome is regulated by zinc transporters,
ZIP3, ZIP8 and ZNT2, and its dysregulation is associated with
a wide range of pathological processes at the cellular level. For
example, oxidative stress induced by H,0, causes Zn>" accu-
mulation in the lysosome in hippocampal neurons, which
eventually undergo lysosomal membrane permeabilization
(LMP) and this may be the mechanism of oxidative neuronal
death.*® It was also reported that lysosome-related organelles in
intestinal cells of C. elegans (gut granules) are the major site of
zinc storage, which promotes detoxification and subsequent
mobilization, regulating cellular and organismal zinc metabo-
lism.*” Therefore, it is vital to develop fluorescent probes to
image Zn>" in the lysosomal space to help understand these
kinds of biological processes.

In 2009 Guo et al. synthesized the intramolecular charge
transfer (ICT) based probe 16 (NBD-TPEA, Fig. 7).** The probe
demonstrated a good selectivity for Zn>", a large Stokes shift,
and was also applied for in vivo Zn** imaging in zebrafish larva.
However, subcellular experiments showed it to not only accu-
mulate in the lysosome but also in the Golgi apparatus, which
may perhaps limit its application in lysosomal Zn** imaging.

The basic ethylenediamine group has been reported to
accumulate in the lysosome since it can be protonated by the
acid environment in lysosomal space (pH = 4.5-5.5). The basic
dimethylethylamino moiety has therefore been introduced as
a lysosome targeting group in the ratiometric probe 17 (DQZn4)
based on quinoline and showed good targeting behaviour.*® It
performed well in the acidic pH environment, showing
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Fig. 7 The structures of lysosome localised fluorescent probes 16-22.

a significant turn-on fluorescence response and 47 nm blueshift
of emission wavelength on binding Zn>". With these desirable
properties in vitro, it was successfully utilised for imaging
lysosomal Zn”>* changes in NIH 3T3 cells.

Another group that has been frequently used for targeting
the lysosome is the morpholine unit. One example is the two-
photon probe 18 based on a naphthalimide dye with an N,N-
di-(2-picolyl)ethylenediamine (DPEN) Zn>* ligand, which can
image intracellular Zn>* in the lysosome and mouse brain
tissues under two-photon excited microscopy.* Unlike the other
subcellular targeting probes, in this case organelle differentia-
tion relied on a concentration gradient of the probe intracel-
lularly. Probe 18 showed a strong fluorescence switch on
response to Zn>* in the lysosomal pH range (pH = 4.5-5.5) but
the intensity increase was much smaller at cytosolic pH range
(pH = 7.2-7.4), therefore it was able to detect lysosomal Zn**
specifically.

Using the same targeting unit Peng et al. reported a ratio-
metric probe 19 (LysoZn-1) to image lysosomal Zn>*" (Fig. 8).*
The authors introduced an electron donor 4-ethoxylphenyl to
the meso-position of a styryl-Bodipy-DPA scaffold, which
distinguished Zn>" from Cd>* very well. They explained this
using Hard-Soft Acid-Base theory,”> which was supported by
theoretical calculations. Probe 19 exhibited a significant fluo-
rescence increase and ratiometric (Fs;g nm/Feso nm) changes
upon Zn** binding and had a good response to Zn** in the
lysosomal pH range. Using 19 it was observed that lysosomal
Zn®*" concentration increased upon H,0, stimulation in
neuronal stem cells and a similar phenomenon was observed by
Uvdal et al. with a PET based lysosome localised probe 20 (Lys-
NBD-TPEA) in which morpholine was again utilised as the tar-
geting unit.>
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Based on a FRET mechanism, two fluorescent Zn>" probes 21
were prepared by Zhu et al. with different aliphatic amino
groups as the lysosome targeting units.** A Zn>"-sensitive aryl-
vinylbipyridyl fluorophore was selected as the FRET donor, and
through the efficient intramolecular FRET process, its broad
emission band was transformed into a strong, narrow emission
band of the acceptor Bodipy, which is preferable for multi-
colour imaging. With a 2:1 stoichiometry between 21 and
Zn>*, the molar absorptivity of the donor was increased upon

NSCs

MCF-7

Hela

Fig. 8 19 (LysoZn-1) co-localises to lysosomes in NSCs (a—c), MCF-7
(d—f) and Hela (g—i) cells. Cells were stained with LysoSensor Green (1
uM) (a, d and g), and 19 (1 uM) (b, e and h), (c, f and i) Overlap of these
two channels. Reproduced from ref. 51 with permission from the Royal
Society of Chemistry, Copyright [2014].
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Zn*" coordination, leading to the enhancement of acceptor
emission. The lysosome localisation was confirmed by confocal
microscopy and with the high resolution of structured illumi-
nation microscopy (SIM), they found 21b localised to the inte-
rior of lysosomes in HeLa cells, rather than anchoring at the
lysosomal membranes (Fig. 9). Sessler et al. synthesized a series
of probes 22 (LysoDPP-C2-C4), which were designed based on
AND logic to detect both Zn>* and the acidic pH of the lyso-
some.* The morpholine moiety served not only as a lysosome
targeting unit but also as a pH-responsive marker, since the
nitrogen in the morpholine moiety was protonated at low pH
and the PET was quenched, which increased the fluorescence of
the diketopyrrolopyrrole (DPP) fluorophore in the same way as
the PET quenching upon Zn>" binding. The experiments in
cellulo showed 22¢ was the most effective probe in terms of the
initial fluorescence and the fluorescence response to Zn>'.
When incubated with 22¢, the cancerous prostate cell lines PC3
and DU145 showed no change in fluorescence intensity, while
the normal human prostate epithelial cell line RWPE1 displayed
a significant increase on the addition of exogenous Zn**. The
authors also demonstrated that the probe was capable of
imaging the prostate in vivo nude mice models and discrimi-
nating between cancerous and normal prostate tissue through
histological studies.

Endoplasmic reticulum (ER) targeting

The ER, an organelle in eukaryotic cells, serves a number of
important cellular roles, such as protein synthesis and trans-
port, protein folding, carbohydrate metabolism, lipid and
steroid synthesis.*® Proteins synthesized in the ER are normally
properly folded and transported to the Golgi apparatus,
however, when there are changes to ER function, resulting from
factors such as ageing, genetic mutations, or the environment,
unfolded or misfolded proteins are synthesized and accumulate
in the ER, causing ER stress, which activates the unfolded
protein response (UPR).>”

It is known the ER acts as an intracellular store for biological
mediators, including zinc, which it requires for normal func-
tion. For example, it has been found that zinc can be released
from thapsigargin- and inositol 1,4,5-trisphosphate (IP3)-
sensitive ER storage in cortical neurons.*® ZIP7, ZIP9, ZIP13
and ZNT5-7 are the transporters to regulate Zn>* inside the ER
and the depletion of zinc transporters and zinc deficiency can
cause ER stress and upregulate the UPR,*** which can result in

Fig. 9 SIM images to show the localisation of compound 21b (green)
compared to that of the lysosome-associated membrane protein
(LAMP) fused to the fluorescent protein FusionRed (red). Reproduced
from ref. 54 with permission from Wiley-VCH, Copyright [2015].

This journal is © The Royal Society of Chemistry 2020
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inflammation®* and a wide range of diseases, such as diabetes®
and neurodegenerative disorders, including Parkinson's and
Alzheimer's diseases.®® However, the role of ‘mobile’ zinc in
these processes is little understood due to the lack of suitable
molecular tools to image this subcellular region that exist.

Reports of ER localised small molecule Zn>* probes are very
limited, and all early reports were of systems found to accu-
mulate in the ER adventitiously. In 2013 Lippard et al. reported
a series of benzoresorufin based red-emitting fluorescent
probes 23 (the ZBR family, Fig. 10) for labile Zn>".** The probes
displayed a broad absorption band and a bathochromic shift
after binding with Zn**, while the emission showed up to 8.4-
fold increase with addition of Zn>*. In cellulo studies revealed all
probes accumulated in the ER in a variety of cell lines, as the
Pearson's correlation coefficient with ER tracker was much
higher the other organelle tracker dyes (Fig. 11). Interestingly,
with 23a, the authors observed the depletion of labile zinc in the
ER of neural stem cells under ER stress induced by
peroxynitrite.

The conveniently prepared small molecular fluorescent
probe 24 included benzothiazole as the fluorophore and an o-
hydroxyl Schiff base as the Zn>* receptor.®® Upon binding Zn>",
the PET process was blocked, and the fluorescence response
had a 65-fold increase with a slight red shift, with a Job's plot
showing a 2 : 1 binding stoichiometry between 24 and Zn>". In
human liver hepatocellular carcinoma cells, 24 was able to
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Fig. 10 The structures of ER localised fluorescent probes 23-27.
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Fig. 11 Co-localisation analysis of 23a (ZBR1) with organelle-specific
markers in Hela cells (A) bright-field image; (B) 23a (5 uM); (C) Mito-
Tracker Green (0.2 uM); (D) ER-Tracker (1 uM); (E) overlay of 23a and
ER-Tracker; (F) overlay of 23a and Mito-Tracker Green. Scale bar = 25

um. Reproduced from ref. 64 with permission from the American
Chemical Society, Copyright [2013].

detect intracellular endogenous Zn** and its subcellular local-
isation was found to be the ER with a Pearson's correlation
coefficient of 0.88 compared to ER tacker Red. Moreover, 24 was
applied to investigate Zn** in plant tissues where it was shown
that Zn*>" mainly accumulates in vascular tissue and epidermal
cells in the cotyledons when treated with exogenous Zn>*
Given the ongoing need to develop an effective and reliable
strategy for targeting the ER, a number of targeting units for the
organelle have been explored. Glibenclamide functions as the
ER targeting group in the commercial ER tracker red and ER
tracker green, and using a sulfonyl urea analogue, we developed
two probes 25 and 26 as ER targeting probes.*® It was shown that
both probes accumulated in the ER in a number of cell lines,
and displayed a good switch on fluorescence response to Zn>*
Probe 25 was used to demonstrate that a decrease of mobile
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Zn** concentration in the ER occurs under conditions of ER
stress induced by tunicamycin and thapsigargin.

In addition to this cyclohexyl sulfonylurea moiety, the
recently reported methyl phenyl sulfonamide was also incor-
porated as an ER targeting group through an alternative
modular ‘click-SyAr-click’ approach.®” The probe obtained, 27,
was also found to localise to the ER compared to the other
organelles tested.

Golgi apparatus targeting

The Golgi apparatus works as a central station in cells, receiving
secretory cargoes exported from the ER packing proteins into
membrane-bound vesicles and sending them to their intra- and
extra-cellular destinations. Zn>* is integral to these processes
for a variety of proteins, functioning in catalytic, regulatory, and
structural roles. For example, it was found that zinc takes part in
the interaction between the two main Golgi proteins GRASP55
and Golgin45, maintaining the normal morphology of the Golgi
apparatus;®® Zn** also coordinates with insulin monomers in
the trans-Golgi network to package it into secretory granules,
which are then released from pancreatic B-cells.* To regulate
Zn>" homeostasis in the Golgi apparatus, transporters ZNT4-7
and ZIP7, ZIP9, ZIP11, ZIP13 are responsible for Zn** import
and export, respectively. The breakdown of Zn*" homeostasis in
the Golgi apparatus is likely to be associated with a range of
human disorders, such as cancer and neuronal, liver, kidney
and eye diseases” and the development of effective methods for
its detection and monitoring are required.

The first Zn** probe to localise in the Golgi apparatus was
reported in 2000 by Lippard, Tsien et al.”* With fluorescein as
the signalling unit, probe 28 (Zinpyr-1, Fig. 12) has a large
extinction coefficient, high quantum yield, and good membrane
permeability. Experiments in Cos-7 cells showed it colocalised
well with a galactosyl transferase-enhanced cyan fluorescent
protein fusion (GT-ECFP), confirming 28 stains the Golgi
apparatus. Some years later Lippard et al. presented two cell-
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Fig. 12 The structures of Golgi apparatus localised fluorescent probes 28-32.
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trappable fluorescent Zn>" probes: a carboxylic ester probe 29a
(QZ2E) and its carboxylic acid analogue 29b (QZ2A).”> The
probes were poorly emissive but had a significant increase in
emission after binding with Zn>" (120-fold for 29a, 30-fold for
29b). Interestingly, the authors found the 29b was cell
membrane-impermeable due to its carboxylic acid moieties, but
29a was membrane permeable and mainly localised to the Golgi
apparatus; after 18 hours' incubation time, the ester was
hydrolysed to produce 29b, which was trapped inside cells.

Guo et al. modified the 8-sulfonamidoquinoline based
commercial probe Zinquin to produce a new fluorescent probe
30 (BPSQ) to image Zn>" with a 1:1 binding stoichiometry,
which was better at discriminating mobile Zn*".”* Co-
localisation experiments showed it to accumulate preferen-
tially in the Golgi apparatus.

Following the previous experience on mitochondria target-
ing Zn>" probes,** Kim et al. reported a Golgi-localised two-
photon probe 32a (SZnC), which had a strong two-photon
excited fluorescence enhancement in response to Zn>* for
real-time monitoring of Golgi Zn>* changes (Fig. 13).”* Accord-
ing to theoretical predictions for Golgi apparatus staining, the
lipophilicity value (log P value) should be within the range of 3-
5.7 The log P values were calculated through measuring the
probe’s partitioning ratio between n-octanol and buffer, and the
value of 32a was found to be 2.9 + 0.1, which is reasonably
matched to the theoretical range whereas it was determined to
be 2.5 £ 0.1 for the control compound 31 (SZn), which experi-
ment proved to be non-Golgi targeting. However, the log P
values of another control probe 32b was 3.1 &+ 0.1 and this was
spread over the entire cell except the nucleus. The authors
attributed the Golgi localisation of 32a to the weakly basic
pyridyl group, which 32b does not possess. Therefore, both the
lipophilicity and pyridyl moiety of 32a appear to contribute to

SZnC

Organelle Markers
(b)

Golgi

Lysosome

Mitochondria

Endoplasmic
Reticulum
(ER)

Fig. 13 The colocalisation of probe 32a (SZnC) (2 uM) and organelle
markers in Hela cells. Reproduced from ref. 74 with permission from
Royal Society of Chemistry, Copyright [2015].
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its accumulation in the Golgi apparatus and the probe was
applied for imaging Zn>" in rat hippocampal tissue and could
be observed at a depth of more than 100 um with two-photon
microscopy. In addition to the log P value, it may be that
other factors, such as amphiphilicity, electric charge and pK,
values, molecular and ionic weights and conjugated bond
number of the probes could also be considered to predict their
location more accurately.”

It appears that all of the probes described above were found to
reside in the Golgi apparatus adventitiously, therefore a Golgi
targeting unit is still required in order to develop reliable Golgi
apparatus localised Zn>* probes. Ceramide may be an option for
Golgi apparatus targeting since it has been employed in
commercial stains for the Golgi apparatus such as NBD-ceramide
and Bodipy-ceramide. However, it requires multi-step synthesis
and also co-localises to the plasma membrane, which may limit
future applications to some extent. More recently a phenyl-
sulfonamide-based fluorescent probe was reported to localise to
the Golgi apparatus for H,S imaging,’”® which may provide
a possible Golgi apparatus targeting unit for Zn>" probes.
Furthermore, cysteine has been reported as a Golgi apparatus
targeting unit in other systems,”””® since galactosyltransferase and
protein kinase D were found to anchor to the Golgi region via their
cysteine residues or cysteine rich domains™®* and this may also
find utility. However, it has been noted that cysteine is too
hydrophilic,*® and consequently not membrane permeable in
some cases. We therefore incorporated an S-trityl protected
cysteine moiety into a new Zn>" probe through ‘click’ chemistry,
and confirmed the probe to be membrane permeable.** Interest-
ingly, the trityl group appeared to be removed in cellulo within 24
hours, and the deprotected probe accumulated in the Golgi
apparatus.

Nucleus targeting

The nucleus, as the control centre of the cell, maintains the
integrity of genes and controls the activities of the cell by
regulating gene expression. In eukaryotic cells, there is a double
membrane which encloses the organelle from the cytoplasm.
This nuclear membrane is impermeable to large molecules, and
the nuclear pores are the channels for large molecules, which
must be actively transported by carrier proteins, while also
allowing free movement of small molecules and ions. Among
these, ZNT9 and ZIP7 were found to be responsible for zinc
influx and efflux. About 30-40% of total intracellular zinc is
found in the nucleus, which plays an important role in the
regulation of cell proliferation. It stabilises the structures of
DNA, RNA and the ribosome, and is involved in DNA and
protein synthesis. Nuclear hormone receptors are regulated by
zinc finger domains, and zinc deficiency impairs their respon-
siveness, which also has effects on metabolic processes related
to growth.®® Some zinc-dependent proteins have been found in
the nucleus functioning as transporters.** It is therefore
necessary to image Zn>" in the nucleus to better understand
zinc influx and distribution and its related biological processes.

Nucleus localised Zn>" probes have been realised by geneti-
cally encoded sensors® or small molecule fusion protein tags,*
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however there are no small molecule Zn>" probes showing
specific nucleus targeting, though the commercial probes
Newport Green®” and Zinquin®® have been reported to display
entire cell distribution, including the nucleus. A fluorescent
probe based on naphthalimide, 33 (Naph-BPEA, Fig. 14), re-
ported by Guo et al.* displayed a 4-fold fluorescence enhance-
ment and blue shift of the ICT absorption band on Zn**
binding. The intracellular distribution of the probe was studied
in HeLa and HepG2 cells and when the cells were stained with
33, only cytosolic fluorescence was observed. However, when
exogenous Zn>" was added, the entire cell became fluorescent,
including the nucleus, which was confirmed with the Hoechst
stain, a commercial DNA dye (Fig. 14). It demonstrated the
ability of the probe to penetrate the nuclear envelope, but the
nuclear fluorescence response was small due to the low nuclear
concentration of labile Zn**. The authors speculated that
incorporation of the 4-amino-1,8-naphthalimide moiety to be
the reason for its nuclear envelope penetrability through posi-
tive and negative control experiments. Furthermore, in vivo Zn>*
imaging in zebrafish larva was also performed. In 2018, we
developed the biotinylated probe 34 based on 1,8-naph-
thalimide moiety for imaging Zn>" in breast cancer MCF-7 cells
and found it has nuclear envelope penetrability.”® However, it
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Fig. 14 The structure of 33 (Naph-BPEA) and 34. Confocal fluores-
cence images of Hela cells co-stained with Hoechst 33 342 (blue) and
33 (green). (a—c): images of the co-stained cells; (d-f): images of the
co-stained cells followed by Zn?*-pyrithione incubation; (g—i): images
of cells which were subsequently treated by TPEN. Reproduced from
ref. 90 with permission from the Royal Society of Chemistry, Copyright
[2013].
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suffers from the same issue as 33 in that it was distributed over
the entire cell and its sensitivity was insufficient to detect
endogenous nuclear Zn>" with the nucleus fluorescence only
being switched on after the addition of exogenous Zn**

Nonetheless, the challenge remains to develop small mole-
cule probes to image Zn>" in the nucleus specifically, where the
concentration of mobile Zn>" in this organelle is also very low.
In this case, targeting groups that bind to DNA may be possi-
bilities, such as the non-fluorescent pyrrole-imidazole
polyamides.”>**

Summary and outlook

Efforts in the development of small molecule fluorescent probes
in last two decades have provided a wide range of tools to study
Zn*" related processes at the subcellular level, which are already
beginning to be utilised to provide answers to questions around
the role of this important cation in biology. However, its role,
especially its function in individual cellular processes, remains
far from being fully understood, and a number of challenges
and requirements endure for the further development of small
molecule Zn®" probes.

Reliable and effective small molecule probes to study mobile
Zn>*, as well as a number of other analytes, in some specific
organelles, such as the Golgi apparatus and nucleus, are still
needed. It should be noted that many factors need to be
considered to achieve organelle targeting, including their pH,*
ionic strength and temperature of the medium, concentration
of the probe and incubation time.”” It is also desirable to
demonstrate the organelle targeting efficacy of new probes in
a wide range of cell lines in case of false positive results in
individual cell lines if they are to find widespread utility in
biological applications.

There remains a significant demanded to develop tools to
accurately quantify the endogenous Zn>" in specific locations by
developing ratiometric fluorescent probes, since most of the
probes discussed herein are based on the typical PET mecha-
nism and are not able to image Zn>" quantitively due to either
no or a small shift in emission wavelength on analyte binding.
One viable route towards the development of ratiometric PET
probes has been reported by Radford et al. in which a second
zinc-insensitive fluorophore was appended to a zinc-sensitive
PET based probe using a polyproline helix as linker to provide
sufficient rigidity.** This approach may open possibilities for
other ratiometric organelle targeted probes, although this
would further complicate their synthesis and it is possible that
such derivatisation may affect cell uptake and targeting prop-
erties. As an alternative to PET probes, small molecule ICT
probes utilising similar organelle targeting vectors may come to
the fore, but again their addition to existing systems adds to
synthetic complexity and may adversely affect their photo-
chemical properties.

Probes with longer wavelength excitation and emission
profiles, such as in the near-infrared range (650-900 nm), which
are finding increasing application in vivo, are also required and
could be utilised to study Zn>" in deeper tissue with fewer
undesirable effects from autofluorescence of surrounding

This journal is © The Royal Society of Chemistry 2020
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tissues and less harm to biological samples. More importantly,
with the rapid development of high spatiotemporal resolution
fluorescent microscopic techniques, especially super-resolution
microscopy, a number of new challenges are emerging. Besides
the basic requirements for biological applications, probes with
excellent photostability under the high photon intensity that
these techniques utilise are required, whilst also displaying
selective organelle targeting ability and a capability to provide
real-time information about the location, dynamics and inter-
actions of Zn>" in living cells. In this case, small molecule
markers are preferable as they have shown higher photostability
compared to fluorescent proteins. The cyanine, BODIPYS, and
especially the rhodamines and their derivatives have been
successfully applied in super-resolution imaging,”**® which
could have potential as fluorophores for organelle specific Zn**
imaging at the nanometre level. In this case, it may also be
necessary to develop routinely performed experiments for the
assessment of photostability as part of the characterisation of
newly reported probes so that they can be compared more
easily.

Additionally, the extension of the application of fusion tags,
such as SNAP-tag® and HaloTag,*® or bioorthogonal reactions
could be considered to localise Zn>* probes to an individual
protein, to study spatiotemporal zinc fluctuations in a specific
process, or its response to intra- or extracellular environmental
changes, which may help better understand the mechanism of
disease initiation and development due to the dysfunction of
zinc homeostasis.

Thus, whilst many exciting developments in small molecule
fluorescent probes have occurred in recent years and many
significant advances have been made there is still much work to
be done and synthetic chemists, collaborating with biologists
and biomedical scientists, are likely to be at the vanguard of
future developments in the area.
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