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ABSTRACT

Curcumin and its derivatives have good electrical and optical properties due to the
highly symmetric structure of delocalized = electrons. Apart from that, curcumin and
its derivatives can interact with numerous molecular targets, thereby exerting less side
effects on human body. The fluorescence emission wavelength and fluorescence intensity of
curcumin can be enhanced by modifying its = -conjugated system and f3-diketone structure.
Some curcumin-based fluorescent probes have been utilized to detect soluble/insoluble
amyloid-f3 protein, intracranial reactive oxygen species, cysteine, cancer cells, etc. Based
on the binding characteristics of curcumin-based fluorescent probes with various target
molecules, the factors affecting the fluorescence intensity and emission wavelength of
the probes are analyzed, in order to obtain a curcumin probe with higher sensitivity and
selectivity. Such an approach will be greatly applicable to in vivo fluorescence imaging.
© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Conventional organic fluorescent dyes/probes, such as
(TRAMA), fluorescein, 5-

carboxytetramethylrhodamine

stability [2,3]. Numerous studies on bioimaging and protein
determination have shown that curcumin-based fluorescent
probe is a promising application prospect in vivo, not limited
to the identification of the drug itself. Curcumin-based
fluorescent probes can overcome the shortcomings of organic

carboxyfluorescein (FAM), Cy3, Cy5, fluorescein isothiocyanate
(FITC) and Rhodamine B, are widely used for bioimaging
applications [1,2]. However, there are still some drawbacks
hampering their application in the bioimaging, including low
fluorescence intensity, low photostability and insufficient

* Corresponding author.
E-mail address: liubingmi@126.com (B. Liu).

fluorescent dyes, such as poor lipophilicity, poor photostability
and low quantum yield, as well as display high sensitivity
and molecular target ability that avoid possible interference
of other substances with similar structure [2,4]. The emission
wavelength of fluorescent probe is located in the near-infrared
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region, which can reduce the interference of autologous
luminescence in living tissue; Excellent blood stability
contributes to a reasonable metabolic rate; The fluorescence
properties (i.e., fluorescence lifetime, fluorescence intensity,
quantum yield and emission wavelength) are significantly
altered upon binding to target. These unique properties are
prerequisites for in vivo fluorescent bioimaging.

Curcumin, a yellow polyphenolic compound, is one of the
major ingredients of turmeric (Curcuma longa L.). It possesses
a broad range of pharmacological and biological activities,
such as anticarcinogenic and antioxidant activities, with
good safety for human use [5]. The pleiotropic activities
attributed to curcumin are considered to be closely related to
its chemical structure functionalities: (i) the «,8-unsaturated
3-diketone moiety; (ii) the 3-OCH3 and 4-OH groups on
terminal phenyl; (iii) the central methylene hydrogens; and
(iv) two hydrophobic phenyl domains that are jointed by
a flexible linker. The presence of these functional groups
endows curcumin with numerous possibilities to interact with
its target proteins.

The unique properties of curcumin enhance its capability
to act on various signaling pathways, including growth factor
receptors, inflammatory cytokines, transcription factors,
enzyme, kinases, adhesion molecules, etc. [6,7]. Curcumin
plays a significant role in the prevention of human disease
prevention by modulating several biological processes.
Besides, it can be used to effectively scavenge both reactive
oxygen and nitrogen species (ROS and RNS) [8]. In addition,
curcumin and its derivatives can form complexes with iron-
copper and boron in plasma due to the molecular structure
of B-diketone [9,10]. This enables them to be successfully
applied for constructing small molecule fluorescent probe.
TwJo benzene rings at the terminal of curcumin molecule are
connected by heptadiene with seven-carbon chain, containing
a,8-unsaturated f3-diketone structure that exhibits keto-
enol tautomerism (Fig. 1), which in turn results in a large
delocalized m-conjugated system and rigid planar structure.
Furthermore, curcumin has excellent optical properties. The
short absorption wavelengths (ranging from 410 to 430 nm),
inability to image in the near-infrared region, as well as
poor chemical- and photo-stability (fast decomposition at
pH >7 and severe fading upon photoillumination) have
limited their further applications as a fluorescent dye in vivo
imaging probes [3,11]. At present, curcumin-based probes
with outstanding imaging properties for in vivo imaging
have been successfully obtained by modifying the curcumin
structure in order to improve both optical and in vivo dynamic
properties [11-16]. These probes have been extensively used
in the research of biomolecular marker, enzyme analysis,
environmental monitoring, clinical examination, disease
diagnosis, etc. [17,18]. In this review, the research progress
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Fig. 1 - The keto-enlo tautomeric structure of curcumin.

and application prospect of curcumin probes are summarized,
particularly in the field of fluorescence imaging.

2. Curcumin-based fluorescent probes for
different biological targets

2.1.  Determination of insoluble amyloid-f3 plaques

Amyloid-f3 (Af3) peptide cascade hypothesis suggests that
the etiology of Alzheimer’s disease (AD) may be attributed
to the formation of insoluble Af3 plaques in AD brain
[19,20]. Afs is normally expressed in brain tissue, and its
high level can be found in patients with sporadic AD. The
production and clearance of Af3 maintain a dynamic balance
and no accumulation occurs under normal conditions.
However, under pathological conditions, the balance of Af
production and clearance is dysregulated, and the excessively
accumulated Aff monomer gradually forms soluble dimers
and oligomers. The dimers and oligomers are cross-linked to
form insoluble fibrils and fibers, which subsequently deposit
into the plaques at neuronal surface and induce cytotoxicity,
resulting in the decreased function of neuron cells or even
die out. Therefore, insoluble Af3 plaque is regarded as an early
pathologic marker for the development of AD [21].

Previous studies have revealed that curcumin is able to
eliminate insoluble Af2 plaques and bind to amyloid deposits
[22,23], which represents a small fluorescent compound
that can cross the blood-brain barrier (BBB) and detect A3
plaques in APPswe/PS1dE9 mouse mode. Curcumin has been
employed for positron emission computed tomography (PET)
imaging studies because it can be labeled with the radioactive
isotope fluoro-18 [24]. However, some disadvantages, such as
high detection cost, time-consuming process and radiation
hazards of PET scan, have limited its application in the clinic.
Near-infrared fluorescence (NIRF) probes have been recently
harnessed for in vivo imaging due to its characteristics of
non-invasive, safe, low-cost, fast, great penetration depth
and low interference from autologous luminescence in living
tissue. Although many cyanine dyes and their derivatives
have been established, including the commercially available
NIRF probes, the large molecular weight and electrical charge
have limited their ability to penetrate the BBB, making
them unsuitable for labeling the in-brain Af3 plaques [25].
In principle, NIRF probe for the in-brain imaging of Af
plaques must have the following basic properties: (i) high
affinity and specificity to Af3 plaques (inhibition constant
Ki < 20nmol/l); (ii) emission wavelength of NIRF (650 —
900 nm); (iii) strong BBB penetration and rapid clearance in
brain tissue (reasonable lipophilicity: logP between 2 and 3.5,
molecular mass <600Da); (iv) high quantum yield with a
large Stokes shift; (v) reasonable stability in blood; and (vi)
different fluorescence properties that are significantly altered
upon binding to Af3 plaques [26]. Mounting evidence indicates
that the retina, an optic nerve originate as a developmental
outgrowth of the forebrain, is also profoundly affected
by AD. To visualize retinal Af3 pathology in vivo, Koronyo
and co-workers have previously developed a noninvasive
retinal amyloid imaging method for rodent ADtg models,
using curcumin as a contrast agent. This approach enables
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A: CRANAD-1 (R4 = R3 = OCHj3; R, = R4 = OH)
Amax(ex) = 540 nm, Amax(em) = 640 nm

B: CRANAD-2 (Ry = Rz = H; Ry = R4 = N(CH3),)
Amax(ex) = 640 nm, Amax(em) = 805 nm

v B U
) : | 1»
1 X /*"~, —~

w? % ' U { Littermate

Fig. 2 - CRANAD probes for detecting insAf aggregates: (A,B) CRANAD-1 and CRANAD-2. Dotted circles, dotted boxes and
bold lines denote donors, acceptors and r-bridges, respectively. (C) Specific binding and labeling of CRANAD-2 to Af3 plaque
in vivo (Reproduced with permission from [26]. Copyright 2020 Canadian Science Publishing.).

noninvasive detection and real-time monitoring of individual
retinal Af3 deposits in live ADtg mice [27]. Fluorescent imaging
data demonstrate the successful colabeling of curcumin
with various anti-AfS mAbs for the detection of multiple
intracellular and extracellular deposits across retinal layers in
AD patients [27].

Although curcumin has a high-affinity binding with
insoluble Af3 plaques, it is not suitable for NIRF imaging,
probably due to its shorter emission wavelengths, limited
BBB penetration, and fast metabolic rate [18,28]. CRANAD-1
is a curcumin analogue that can be acquired by introducing
difluoroboron ring onto the f3-diketone structure of the
curcumin molecule (Fig. 2A). Benzene ring, with an
electron-donating substituent and electron-withdrawing
boron difluoride as electron donor and electron acceptor,
respectively, formed a donor-n-acceptor (D-n-A) conjugated
system by connecting with seven carbon chain olefins
(Fig. 2C), which can reduce the HOMO-LUMO energy band
gap. Therefore, both maximum excitation wavelength and
emission wavelength of CRANAD-1 fluorescence were
significantly redshifted compared to those of curcumin.
Moreover, CRANAD-1 has been reported as a protease
inhibitor of HIV-1 and HIV-2 [29], and Anna Moore’s team
found that this compound could target insoluble Af plaques
near the NIR region [26]. To further redshift the emission
wavelength towards the near-infrared spectrum range, the
research group [26] substituted the phenolic hydroxyl group
on the CRANAD-1 with more powerful electron-rich donor
N,N’-dimethyl group, and innovatively obtained a novel
NIRF probe compound CRANAD-2 with high BBB penetration
(Fig. 2B). The fluorescence properties of CRANAD-2 were
significantly altered upon mixing with insoluble A2 plaques,
example, a remarkable increase (70-fold) in fluorescence
intensity, a significant 90nm blueshift (805-715nm), and a
high (nearly 70-fold) quantum yield (0.006-0.40). Furthermore,
the probe demonstrated a high affinity (Kd=38.0nmol/l)
to A plaques and considerable serum stability. CRANAD-2
could achieve specific binding and NIRF labeling to the in-
brain AR plaques of mice within 30 min. This is supported by
in vivo imaging experiments performed on the brain tissue
sections of transgenic 19-month-old Tg2576 mice injected
via tail vein (Fig. 2C). Although CRANAD-2 met almost all
the basic requirements of NIRF probe for real-time live

A: Dye1 (R; = R, = OCHy)
Amax(ex) = 479 nm, Amax(em) = 609 nm

B: DyeZ (R1 = OCH3, R2 = CH3)
Amax(ex) = 499 nm, Amax(em) = 635 nm

C: Dye3 (R1 = OCH3, R2 = NOZ)
Amax(ex) = 497 nm, Amax(em) = 633 nm

Fig. 3 - Structure of Dye 1-3.

imaging of Af3 plaques, its elimination rate was significantly
slower in the brain tissue of treated mice than in the blood.
Compared to an Af3 plaque-specific probe (Pittsburgh probe B),
it entered into the brain much lesser and was eliminated more
slowly.

In order to increase the emission wavelength of fluorescent
probes and their binding strength to Af3 plaques, Si et al.
[30] designed and synthesized three curcumin-based NIR
dyes (Dye 1-3) that could bind to insoluble Aff plaques
(Fig. 3A-3C). The stabilities of the three dyes in aqueous
solution and mouse plasma were found to be excellent. Due
to the introduction of electron-rich donor groups, such as
N,N-diethylamine and methoxy (-OCH3), at the terminal
of the molecules, the compounds displayed large Stokes
shifts (>130nm) and their maximum fluorescence emission
wavelengths were within the NIR range, which similar to
the properties of NIRF imaging. The maximum emission
wavelengths of Dyes 1-3 were observed to be unchanged. Due
to the restriction of intramolecular rotation, the fluorescence
intensity and quantum yield of Dyes 1-3 increased to different
degrees after binding to Af3 plaques. This may improve the
probability of various decay modes of the excited state back
to the ground state, significantly reduce the occurrence of
non-radioactive decay reaction, and ultimately enhance



422 ASIAN JOURNAL OF PHARMAGEUTICAL SCIENGES 16 (2021) 419-431

O OH OH
BOARAR®
HO

A: Ws-CUR(2)

H

o o
H,CO O N N O OCH;

HaCO

B: Me-CUR(9)
Amax(ex) = 390 nm, Amax(em) = 530 nm

OH

o}
H,CO O N NS O OCH;
H,CO OCH;

4CO
C: Me-CUR(13) OCH D: Me-CUR(16)
E ON
McO R NI OFF AB fibrils
MeO O O - R it - o=
Me-CUR —

twisted-structure

planner-structure

Fig. 4 - Me-CUR probes for detecting insAf fibrils: (A)Structure of Ws-CUR. (B-D) Me-CUR probes: (B) Me-CUR(9), (C)
Me-CUR(15) and (D) Me-CUR(16). (E) Illustration of Me-CUR as “off-on”fluorescent probes for Af fibrils(Reproduced with

permission from [1]. Copyright 1989 Published by Elsevier Inc.).

the luminous ability of the dye molecules. The superior
coplanarity and strong electron-donating capability also
resulted in the high fluorescence intensity and quantum yield
of Dye 2. Saturation concentration method was performed
for the determination of dye affinity with A8 plaques, and
the results showed that the three compounds possessed the
ability to bind to insoluble A8 plaques, and Dye 2 displayed
the strongest binding affinity (Kd=1.36pmol/l). In vivo
imaging results showed that Dye 2 had specific combining
ability to Af3 plaques [30]. In that experiment, Dye 2 could
detect Af3 plaque sites in the brain of 17-month-old APP/PSI
mice, after tail intravenous injection of the dye within 1h,
and the fluorescence intensity at the plaque sites reached
its maximum at approximately 2h after injection [30].
Efforts of the research group demonstrated that Dye 2 was
increasingly accumulated in the AfZ plaques, suggesting
that Dye 2 molecules exhibit an aggregation-induced
emission [30]. However, the study did not hold an in-depth
discussion.

The structure-activity relationship based on thioflavin T
fluorescence analysis [31] showed that the 3,4-site dimethoxy
groups of benzene ring and the heptaatomic olefin chains
containing {3-diketone were deemed as the necessary
structures for the identification of insoluble Af fibers. Sato
et al. [1] synthesized a series of highly sensitive molecular
rotor-type curcumin-based fluorescent probes with “off-on”
property, which could be used as an effective alternative to
the commercial probe thiocyanin T for the in vitro detection
of insoluble Af3 fibers. The group designed and synthesized
Me-CURs compounds, inspiring by a study on the anti-Af2-
aggregation and structure-activity relationships of curcumin
analogues, particularly the compound Ws-CUR(2) (Fig. 4A)
with obvious inhibitory effects and a high water solubility
far superior to curcumin. This lead compound could reduce
the inhibition of Af3-aggregation, retain the bonding with

insoluble Af fibers by substituting the hydroxyl groups on
the benzene ring with -OCH3, and introduce varying amounts
of -OCH3 at different positions in the benzene ring [32]. The
Me-CUR compounds consisted of curcumin derivatives with
symmetric and asymmetric structures and mono-double
carbonyl curcumin analogues with a seven-carbon chain
shortened to a three-carbon chain and a five-carbon chain
between two benzene rings [13]. Among the synthesized
compounds, Me-CUR(9), Me-CUR(15) and Me-CUR(16) were
the most abundant (Fig. 4B-4D), and Me-CUR(9) exhibited
the most significant change in fluorescence intensity. When
the compound was combined with insoluble Af3 fibers, the
free rotation of the single bond in the benzene ring around
the olefin connector is restricted, which in turn lead to a
high molecular flatness. Therefore, Me-CUR(9) could be firmly
bound to Af fibers, resulting in a sharp increase in emission
intensity, with an “off-on” fluorescence signal (Fig. 4E). This
suggests that Me-CUR(9) may play a key role in the detection
of insoluble Af3 fibers. Molecular docking results showed that
Me-CUR(9) and thioflavin T were combined inside Af2 fibers
via hydrophobic action and hydrogen bond, and the binding
sites were typically the same [1].

2.2. Detection of soluble amyloid-f3 plaques

The difficulties in AD drug development have revealed the
necessity of early intervention in AD patients [33-35]. Thus,
an early diagnosis of the pathophysiological hallmarks of
AD is desperately needed. Mounting evidence suggests that
soluble amyloid-f3 beta (soluble Af3), such as dimers and
oligomers, could exist during the presymptomatic stage of AD,
and its neurotoxicity was significantly higher than insoluble
Af [36-39]. Thus, it is more likely to be a biomarker for the
early detection of AD. Both soluble oligomers and insoluble
fibers/aggregates were also found during the progression of
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Fig. 5 - CRANAD probes for detecting sAf3 fibrils. (A-D)Structure of CRANAD probes: (A) CRANAD-3, (B) CRANAD-65, (C)
CRANAD-75 and (D) CRANAD-102. (E) Cartoon pictures suggest that the accessibility decreases from soluble Af3s to insoluble
Af3s (Reproduced with permission from [46]. Copyright 2017 The Royal Society of Chemistry.).

AD. Therefore, the development of fluorescent probes that
specifically targets on soluble Af3 peptides could provide a new
idea for the study of curcumin probes.

Ran and co-workers [26] have designed and synthesized
a list of CRANAD compounds, which are borocurcumin-
containing NIRF probes with emission wavelengths ranging
from 650 to 900nm, through the redshift modification of
curcumin. However, differentiating between soluble and
insoluble Af3s with a small molecular probe is extremely
challenging. The variations in the secondary and tertiary
structures of soluble and insoluble Af3s may lead to
differential binding affinities for anti-Af antibodies, although
the two forms of Af3s contain the same polypeptide chain
[40,41]. Small molecule probes can be modified to distinguish
between soluble and insoluble Af3s based on their structural
differences. Non-planar “T-Shape” curcumin analogues has
been used to differentiate soluble and insoluble Af3s, since the
planar portion of the curcumin can incorporate into the f2-
sheet structure of Af2 species, which eventually improves the
fluorescence intensities of soluble and insoluble Af3 [26,42—
45]. Li et al. [46] designed a non-planar “T-Shape” curcumin
analogue, where the planar moiety could be inserted into
the R-sheet, thus adjusting the accessibility and selectivity
of the probe to soluble Af3 (Fig. S5E). In addition, the curcumin
scaffold can be tuned by changing the stereo-hindrance to
CRANAD-75 > —102 > —65 > —3 [46].

Among the designed compounds, CRANAD-3 (Fig. 5A) has
sensitive responses to both soluble Aff and insoluble Af3
[27,43-45], which is not selective for soluble Aff. CRANAD-65
responded significantly to A342 oligomers and Af240 dimers.
This may be due to the fact that the curcumin scaffold
with phenyloxy alkyl chain at the 4-position displays a high
hydrophobicity and can non-specifically bind to the serum,
thus leading to a particular selectivity towards soluble Af3.
CRANAD-65 (Fig. 5B) displayed a significant selectivity at the
initial incubation period (t=0min); but reduced greatly with
increasing incubation times (t = 0-15 min), probably due to the
low steric hindrance of the phenyl ring at the 4-position. To
further increase the steric hindrance, the group evaluated

different types of CRANAD, and found that CRANAD-75
(Fig. 5C) exhibited a good selectivity (88.5-fold) towards
monomeric Afds. As opposed to CRANAD-65, its selectivity
remained stable with increasing incubation times, probably
due to the existence of two isopropyl groups on the phenyl
ring of CRANAD-75. Moreover, CRANAD-75 did not respond
significantly to oligomeric ABs, indicating that the steric
hindrance of the two isopropyl groups is quite bulky to
prevent it from being engaged in the f3 sheet structure of
the oligomers. Therefore, it is necessary to decrease the
hindrance in order to enhance the selectivity of CRANAD-
75 towards oligomeric Af3s. By substituting two isopropyl
groups in CRANAD-75 with two methyl groups, CRANAD-102
(Fig. 5D) could respond better to oligomeric Af3s, with a 4.33-
fold increase in its binding affinity. In addition, CRANAD-
102 exhibited a 68-fold higher affinity towards soluble Af3
(7.5+10nM) than insoluble Af3 (505.9 &+ 275.9 nM), which could
penetrate the BBB more rapidly and had certain stability in
serum. The imaging data revealed that CRANAD-102 could
be applied to detect soluble Af3 in vivo using 4-month-old
APP/PS1 transgenic mice. Li et al. [46] also demonstrated that
the levels of soluble Af3 could be monitored by CRANAD-
102 from 4 to 12 months of age. Altogether, these findings
indicate that a decrease in steric hindrance could improve the
accessibility/tightness of different Af3 species, and thus allow
us to distinguish between soluble and insoluble Af species.
Furthermore, CRANAD-102 was highly selective for soluble Af3
over other aggregation-prone proteins/peptides (e.g. amylin, a-
synuclein and tau) [46]. Moreover, Yang et al. demonstrated
that NIRF ocular imaging (NIRFOI) with CRANAD-102 could be
used to monitor the therapeutic effects of AD inhibitor [47].
The results showed that CRANAD-102 reached NIRF signal
peak around 60min, and the difference at this time point
was about 3.14-fold, while the dynamic level of CRANAD-102
in 4-month-old APP/PS1 mice was different from that in 14-
month-old APP/PS1 mice, where the peak shifted to 30 min.
This indicates that old mice have large Af2 oligomers that can
hold CRANAD-102 longer. Furthermore, the data of CRANAD-2
and CRANAD-102 are complementary to each other, probably
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Fig. 6 - CRANAD probes for detecting sAf fibrils: (A)
Structure of CRANAD-58. (B) The proposed interaction
model between CRANAD-58 and Af3 (Reproduced with
permission from [44]. Copyright 2002 The American
Association for the Advancement of Science.).

due to their differential substrate specificities. For example,
CRANAD-2 is more specific to insoluble Af3 species; while
CRANAD-102 is more specific to soluble A3 species [47].
There are two main hydrophobic sites (Site A and B) inside
Af fibrils. Site A consists of hydrophobic amino acid residues
along the long axis of the fibrils, while Site B has the core
fragment (KLVFF) of an Af240/42 peptide [48]. At a structural
level, Site A possesses higher steric hindrance compared to
Site B. CRANAD-2 could be used as an excellent probe for the
detection of insoluble Af3 aggregates because its fluorescence
properties alter significantly following the reaction, such as
emission blue shift, fluorescence intensity increase, quantum
yield increase, and response time decrease [28]. The reason for
this may be that the aromatic ring of CRANAD-2 is extended
after binding to Site A, and the binding to the hydrophobic
site can result in a specific hydrophobic interaction [45],
which in turn enhances the fluorescence effect. However,
CRANAD-2 is not capable to detect soluble Af}, and no
significant changes in fluorescence properties were observed
after its incubation with soluble Af3 species. The interaction
between Site B of monomeric Af340 and CRANAD-2 was most
likely weak. Such weak interaction could be partly explained
by the unmatched structure of CRANAD-2 as well as the
hydrophilic (HHQK) and hydrophobic (LVFF) segments of Site
B. Consequently, Zhang et al. [45] designed and synthesized
an asymmetric curcumin analogue, CRANAD-58 (Fig. 6A), that
could bind to the hydrophobic fragment LVFF [49], Besides, the
nitrogen of the pyridyl ring could interact with the hydrophilic
fragment (HHQK) of Af340/42 peptide to form hydrogen bonds
(Fig. 6B) with high binding strength [50]. Furthermore, the
addition of pyridine ring could extend the = -conjugation, shift
both emission and excitation wavelengths into NIR region,
and enhance the fluorescence intensity [49,50]|. As reported
previously, CRANAD-58 demonstrated fluorescence excitation
and emission peaks at 630 and 750nm, respectively, and
exhibited a strong binding capacity for soluble Af3, with a

significant increase in fluorescence intensity (about 60-fold)
and a remarkable blue shift in the emission spectrum. The in-
brain fluorescence signal of APP/PS1 mice at each time point
after intravenous injection of soluble A3 was significantly
higher than that of age-matched wild-type mice, implying
that CRANAD-58 can be applied for the in vivo detection of
soluble Af3 species. More importantly, CRANAD-58 satisfies
the characteristics of excellent lipophilicity (log P), reasonable
BBB penetration, etc.

2.3.  Determination of in-brain reactive oxygen species
(ROS)

Oxidative stress plays a critical role in the progression of
AD. Previous studies have demonstrated that the levels of
ROS are relatively higher in AD brain than in healthy brain
[10,14]. Moreover, Af3 plaques can grow gradually with the
progression of the disease. Bacskai et al. [51] showed that the
plaques could impair mitochondrial function and dysregulate
Ca?* homeostasis, leading to oxidative stress-induced cell
apoptosis. A3 plaques are mainly classified as “active” and
“inactive/silent” plaques, and such classification can explain
the non-significant relationship between Af3 plaque loading
and AD severity [52,53]. During Af3 plaque growth and
formation, various ROS are produced mainly through the
Fenton reaction. The generated ROS can trigger an excess
accumulation of proinflammatory cytokines [54-56], thereby
causing the microglial cells to aggregate around the plaques
[57-59]. This may result in the extensive production of ROS
and neuronal apoptosis [59]. From these findings, it can be
speculated that ROS levels are elevated in the active plaques,
which may serve as an indicator to distinguish between active
plaques and inactive plaques.

Yang et al. [14] designed and synthesized CRANAD-61
(Fig. 7A), an oxalate-curcumin-based NIRF probe, for the in
vivo determination of ROS levels. This probe has been used
for dual-color imaging, by producing significant wavelength
shift in response to oxidative stress [10]. Given that the signal
changes from both channels/wavelengths are intercorrelated,
the imaging data obtained from the two channels could be
verified against each other. Besides, CRANAD-61 has been
used to detect the relative levels of ROS in AD mouse
brain and monitor the changes in ROS levels with age, as
demonstrated by whole-brain NIRF imaging. Through the
incorporation of oxalate as a sensing element, the curcumin-
based probes were developed for fluorescence imaging in
the 640-900nm NIR window. Upon its reaction with ROS
[14], the oxalate moiety was eliminated, and subsequently
converted to CRANAD-5 (Fig. 7B). The conjugate structure was
reduced and “quenching” occurred, resulting in a significant
blue shift of excitation/emission wavelengths (<640 nm). Such
changes may be applied to the dual-color microscopic image
system [10], and the conversion from NIR window to non-
NIR window turns the visible light into invisible light (Fig. 7C).
Another important advantage of the oxalate ester moiety
is its ability to extend Ex/Em, which is necessary for the
deep tissue penetration of NIR light. Since the electron
delocalization of ester is greater than that of fluorides,
the excitation/emission wavelengths could be elongated by
substituting BF2 with oxalate boron ester. It should be noted
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Fig. 7 - CRANAD probes for detecting ROS: (A) CRANAD-61. (B) CRANAD-5. (C) The design strategy for ROS-sensitive imaging
probes, and (D) HOMO/LUMO of CRANAD-2 and CRANAD-61. The energy gap of CRANAD-61 is smaller than that of
CRANAD-2 (Reproduced with permission from [14]. Copyright 2017 Published under the PNAS license.).

that the smaller the HOMO-LUMO energy gap, the greater
the excitation/emission wavelengths [60], and the electron
delocalization of oxalate ester could result in a smaller HOMO-
LUMO energy gap in CRANAD-61 than in CRANAD-2 (Fig. 7D).
During the reaction process between CRANAD-61 and ROS, the
nucleophilic attack on the two carbonyl groups of oxalate is
found, thus generating dioxy groups and leaving. The stronger
the electrical absorption of curcumin connected with the
carbonyl group, the better the leaving properties and the more
conducive to the fluorescence reaction.

CRANAD-61 is a rapidly reactive imaging probe for ROS
detection, and significant fluorescence changes could be
observed after 1 min. More importantly, CRANAD-61 is quite
sensitive to low level of ROS. Besides, CRANAD-61 has a strong
capability for BBB penetration. The 14-month-old APP/PS1
mice were injected with CRANAD-61 and then imaged at
various time points. The results indicated that CRANAD-61
could penetrate the BBB to label Af3 plaques in the brain
after a 5-min administration. This implies that CRANAD-61
is a fast response, high sensitive fluorescent probe for the
in vivo detection of ROS activity, at both microscopic and
macroscopic levels.

2.4. Detection of cysteine (Cys) level

As a precursor amino acid of glutathione (GSH), Cys is
responsible for several important processes, such as catalysis,
synthesis, binding, signal transduction, and metabolism [61-
64]. Since GSH is closely related to the biological function and
development of many diseases, an early detection of Cys in
organisms is a matter of great importance [65-73]. However,
the structures and reactivity of Cys, homocysteine (Hcy) and
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B: Proposed response mechanism of CAC to Cys

Fig. 8 - CAC probes for detecting Cys specifically: (A)
Structure of CAC. (B) Proposed response mechanism of CAC
to Cys.

GSH have limited the selectivity of Cys probes. In recent years,
some curcumin-based fluorescent probes have been reported
to selectively detect Cys [74].

Curcumin has been used as the mother molecule
of probe because of its excellent biocompatibility and
optical properties [75,76]. Pang et al. [74] developed a
new curcumin-based colorimetric and fluorescent probe
CAC for the selective detection of Cys (Fig. 8A). Upon its
conjugate addition/cyclization reaction with Cys, the strong
fluorescence emission of this probe was revealed by a
fluorescence quenching at 490nm, a decease in absorbance
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Fig. 9 — CBFA probes for detecting Cys with high selectivity: (A) CBFA. (B) CBF. (C) The recognition process of Cys in living cells
by the probe CBFA (Reproduced with permission from [83]. Copyright 2019 Elsevier Ltd.).

at 400nm, and a new peak at 427 nm, which could provide
high sensitivity for living cell imaging. It is worth noting
that CAC probe has good sensitivity and selectivity to Cys
compared to other relevant analytes (e.g. GSH and Hcy). With
increasing Cys concentrations (0-20uM), the fluorescence
intensities of CAC were reduced gradually, together with a
decrease in fluorescent quantum yield (from 0.20 to 0.02).
This indicates that the fluorescence intensity of CAC probe
has a good linear correlation with Cys concentrations within
the range of 0-20 uM. After mixing with Cys, CAC probe first
underwent conjugate addition, and then released curcumin
molecule for cyclization to generate a seven-membered ring
cyclic amide (Fig. 8B) [76-80]. The excellent selectivity of CAC
probe towards Cys over GSH and Hcy can be explained by
the kinetic rates of the intramolecular cyclization reaction
that forms a seven-membered ring (Cys) instead of eight-
membered ring (Hcy) [81,82]. Moreover, the tripeptide of GSH
is large in volume, which affects the internal cyclization of
GSH. Therefore, CAC probe has better sensing performance
than other interferences on Cys, and only shows obvious
fluorescence quenching effect on Cys. Furthermore, CAC
has been successfully used to determine Cys in living cells,
with a good cellular and biological permeability. The change
in the fluorescence intensity of CAC probe is related to the
intracellular level of Cys, which offers great potential in living
biological systems [74].

Curcumin difluoroboron complexes, as a typical high-
performance fluorophore, is not only a probe with specific
fluorescence response to in vivo Afs plaques, but also a
cellular mercaptan bioimaging tool. Chen et al. [83] developed
a novel CBFA probe with red fluorescence emission (Fig.
9A), which demonstrated a high selectivity towards Cys
over GSH and Hcy. Additionally, the CBFA probe was
adaptable to a broad range of pH and had a low cytotoxicity
profile under various biological conditions, which could be
used for the selective detection of Cys in living cancer
cells. The absorption maxim of CBFA was observed at
461nm and red-shifted to 510nm upon the measurement
of recovered fluorogen, ascribing to the absorption of the
charge-transfer excited of CBF (Fig. 9B). The reaction is
speculated to progress through a concerted mechanism
(intramolecular Michael-type addition), as revealed by high-

performance liquid chromatography and high-resolution
mass spectrometer [84,85]. The two acrylate groups in CBFA
probe can serve as recognition moieties connecting at their
5’-ends to a fluorogen, in order to avoid possible background
interference. The rapid and selective detection of Cys (Fig.
9C) can be improved by accelerating the reaction between
CBFA and Cys as well as preventing the formation of
unstable 8-membered ring or much larger ring with GSH and
Hcy [83].

Cys participates in the regulation of oxidative stress and
plays a crucial role in mitochondrial dysfunction [86]. Thus,
it is necessary to develop a specific probe for the detection
of mitochondrial Cys levels in living cells. In general, low
selectivity and unspecific mitochondria targeting are the
two major problems encountered during the detection of
mitochondrial Cys. Zhang et al. [87] successfully solved these
problems by adopting the combination strategy of Michael
addition and cyclization reaction to develop a mitochondrial-
targetable DFB1 fluorescent probe (Fig. 10A) for the dual-
channel imaging of Cys in the endogenous mitochondria of
living cells. In the probe DFB1, curcumin structure acts as a NIR
fluorescent group, triphenylphosphonium (TPP) cation moiety
acts as a mitochondrial targeting unit, and «,f3-unsaturated
ketone containing acrylate group acts as a specific functional
moiety of Cys. Among them, acryloyl group and Cys are
first generated into a seven-membered ring through Michael
addition and cyclization reaction, and the ester bond was
then cleaved to form DFB-OH (Fig. 10B). This probe had a
strong fluorescence emission at 560nm after mixing with
Cys, and reached a new NIR peak at 680nm. This can
be ascribed to the weaken electron-donating ability of the
phenolic group after the addition of acryloyl group into DFB1.
Through the transition from DFB1 to DFB-OH, it is possible to
accurately detect the levels of mitochondrial Cys. Moreover,
DFB1 exhibited a greater ability to penetrate the cell-
membrane in living cells. This probe also solved another issue
of unspecific mitochondrial targeting. The inner membrane
of mitochondria usually had a large negative membrane
potential, while the triphenylphosphonium moiety in DFB1
had a positive charge, which displayed a high localization
tendency towards cell mitochondria. In a nutshell, the
dual-channel DFB1 fluorescent probe based on curcuminoid
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Fig. 10 — Proposed mechanism of DBF1 for the detection of Cys: (A) Structure of DBF1. (B) Proposed mechanism of DBF1 for

the detection of Cys.

difluoroboron can be used to assess the mitochondrial levels
of Cys in living cells, with high selectivity and good membrane
permeability.

2.5. Detection of cancer cells

The 3-diketo-moiety of curcumin is able to form complex
with a variety of metal ions, in order to achieve a higher
stability. Besides, curcumin and its derivatives showed a
great applicability for detecting the pathological changes
in various cancer cell lines, due to its high selectivity and
good bioactivity [88]. The two N,N-dimethyl substituents
in the p-positions of the aromatic rings of curcumin and
boron difluoride moiety at the enol-keto-group induced a
strong redshift of fluorescence emission, which specifically
targeted the compound in the NIR region. In addition,
ammonia groups could increase the ability of curcumin to
resist hydrolysis. Prohl et al. [89] systematically altered the
curcumin ligands in BF2-complexes, and synthesized novel
compounds for the detection of cancer cells (Fig. 11A).
To enhance solubility and =-z-stacking interactions,
various electron donors were introduced into the aromatic
rings, leading to the improvement of optical properties
and redshift of fluorescence emission [10,90]. However,
the complexes showed fairly high quantum yields and
photostability. Compound 11A introduced charges to
triphenylphosphane, indicating the absorption of complex
11A in the cell membrane. The fluorescence analysis of
this complex revealed a strong green fluorescent signal in
gastric cancer cells without significant cell toxicity. However,
all BF,-complexes showed weak fluorescence signals in
phosphate-buffered saline solution due to aggregation
effects.

Curcumin and its derivatives have been recognized as
potential ligands for transition metals. Rare earth metal

+Ph

Fig. 11 - Probes for detecting cancer cells: (A) BF,-complex.
(B,C) Rare earth metal complexes.

complexes [M(py), (CUR)s] (Fig. 11B and 11C) were introduced
into the curcumin molecule, and two pyridine ligands were
added [90]. Increased fluorescence could be observed when
compared with rare earth metal complexes in the absence
of pyridine ligands, because the planar structure ensures
an extension of the r-conjugated system. Obviously, the
Eu complex showed photoluminescence in the NIR region,
which could be activated by the pyridine ligands [89].
Additionally, both Ln complexes displayed high o-values and
non-toxicity profile, and thus are applicable for single-photon
or two-photon fluorescence imaging. This indicates that both
compounds have better hydrophobicity and a strong ability
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Fig. 12 - Complex probes for detecting cancer cells.

to bind to cancer cells compared to Ni- and Zn-complexes by
enhancing their localization on cell membrane.

As opposed to conventional confocal microscopy, two-
photon microscopic technique offers numerous advantages,
such as localized excitation, high penetration depth,
prolonged observation period and early cancer detection
[91-93]. The application of this technique is largely dependent
on the enhancement of two-photon absorption (TPA)
cross-section. The conjugation length, donor and acceptor
strengths, and n-center planarity are the crucial factor for
improving TPA cross-section [94,95]. Notably, square-planar
complex formed by curcumin complexation with copper (II)
ions exhibited larger TPA cross-section and higher quantum
yields in the NIR region compared to its free ligand [89].
Pi et al. [96] characterized a novel multi-branched Cu(Il)
complex linked by n-conjugated ligands - Cul2-complex
(Fig. 12), and about 3-fold increase in TPA cross-section (o)
was observed due to the effect of intramolecular charge
transfer [89]. With regard to its diagnostic advantages, Cul2-
complex exhibited moderate o-values, optimum excitation
wavelength (A =760nm), a low toxicity profile even at higher
concentrations or longer incubation period, and a targeted
cytosolic or nuclear localization. Both in vivo and in vitro
imaging studies revealed that the complex exhibited good
tumor-targeting capability and high photostability, and
was able to distinguish between cancerous tissue and
noncancerous tissue, which could be used for early tumor
diagnosis.

In vivo assessment demonstrated an increase in
fluorescence intensity in cancer tissue traced back to the
overexpression of epidermal growth factor receptor (EGFR).
Complex 12 was able to distinguish between normal and
cancerous lung tissue in vivo. One possible reason may be that
complex 12 is a good match with EGFR antibodies. The two
ethyl functionalities were introduced into the phenyl rings
to form a bipolar donor-acceptor-donor (D-A-D) structure,
which could be beneficial to two-photon microscope imaging,
possibly due to a large 7-conjugation structure and excellent
co-planarity in the molecule [97,98].

Based on the investigation of one- and two-photon
absorption properties, Xu et al. [99] designed and synthesized
two novel multi-branched dyes based on curcumin molecules
(Fig. 13A and 13B). The TPA cross-sections of dye 13a and dye
13b measured by two-photon excited fluorescence (TPEF) were
1143 and 842 GM, respectively. Moreover, these compounds
exerted low cytotoxicity against MCF-7 cells. Furthermore, in
vivo and in vitro analyses showed that dye 13A could enter

n-PrOo O
/O O NP = O O\
n-PrO OPr-n
A

B

Fig. 13 — Two novel multibranched dyes curcumin-based for
detecting canc.

and accumulate in the cancer cells, which makes it an ideal
material for cancer cell detection.

For dye 13A, the diphenyl-carbonyl-heptantriene moiety
displays the full molecule planarity, which conforms to the
characteristics of the n-conjugated system. For dye 13B,
the symmetry of the molecular structures has reached a
quite satisfactory level. The whole molecular conformation
folds around the 3-diketonate axis, but two hydrogen atoms
attached to a carbon atom between the 3-diketone groups
are substituted by two ethyl acetate groups, resulting in the
destruction of a highly electron delocalized molecule and its
dissolution into two smaller = -conjugated systems. Therefore,
the fluorescence intensity of dye 13A is stronger than that
of dye 13B. The stronger donor groups (such as propyl and
acetate ethyl groups) and the extension of x-conjugation
system are conducive to a larger TPA cross-section, which is
more beneficial to visualize the cancer cells.

3. Conclusion

Curcumin-based fluorescent probes can specifically bind to a
wide variety of target structures. Curcumin molecules have
high electron delocalization and =-conjugated structures,
with good optical and electrical properties, which can
be used as fluorescent probes for the determination of
biomacromolecules. In particular, the substituted groups at
both ends of curcumin and its enone structures exert a great
influence on the optical properties of the probe, by altering
the conformation and localization of the probe and binding
site as well as the characteristics of fluorescence emission
wavelength and intensity.

The properties of curcumin-based fluorescent probes
are summarized as below: (i) curcumin acts as a basic
scaffold for the probe, and its aromatic ring structure has
certain lipophilicity and BBB penetration properties; (ii) the
substitution of hydroxyl and methyl groups by a strong
electronic-donating group at both ends of the molecule is
conducive to the red-shift emission of the fluorescent probe;
and (iii) the diketone complexation with BF2 or ester groups
can enhance its optical properties. In the current study,
we have demonstrated that curcumin-based probes exhibit
strong binding capacity and high detection efficiency for
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soluble/insoluble amyloid-f3, intracranial ROS, cysteine and
cancer cells.

For early AD detection, different structures of curcumin-
based fluorescent probes are designed according to the
target molecules. Typical molecular structure of curcumin has
good detectability for insoluble Af2. The steric hindrances of
curcumin scaffolds can be modified to design T-curcumin
probes with better accessibility and selectivity toward soluble
AR. The chelating curcumin molecules (such as oxalate)
not only enhance the optical properties of fluorescent
probes but also interact with ROS, which can be used for
the selective detection of ROS. The specific recognition of
Cys is mostly based on Michael addition and cyclization
reaction. D-A-D fluorescent probe can also be formed
by adding the Olefinic double bond at both ends of
the molecule, which is highly selective and sensitive to
Cys. The detection of other target substances can be
achieved by adding metal complexes or increasing conjugated
systems for specific binding. Considering the excellent optical
properties of curcumin-based fluorescent probes, the dynamic
monitoring of biological macromolecules in organisms may be
realized by these multifunctional curcumin-based fluorescent
probes with high sensitivity, selectivity and stability in the
future, which will provide a strong theoretical framework in
chemistry, environmental, and bioscience sciences.
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