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Abstract: Alzheimer’s disease (AD) is the most common form of dementia and results in progressive
neurodegeneration. The incidence rate of AD is increasing, creating a major public health issue. AD is
characterized by neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau protein and
senile plaques composed of amyloid-β (Aβ). Currently, a definitive diagnosis of AD is accomplished
post-mortem. Thus, the use of molecular probes that are able to selectively bind to NFTs or Aβ can be
valuable tools for the accurate and early diagnosis of AD. The aim of this review is to summarize
and highlight fluorinated molecular probes that can be used for molecular imaging to detect either
NFTs or Aβ. Specifically, fluorinated molecular probes used in conjunction with 19F MRI, PET,
and fluorescence imaging will be explored.

Keywords: molecular imaging; Alzheimer’s disease; MRI; PET; fluorescence; fluorinated molecular
probes; amyloid beta imaging; neurofibrillary tangle imaging

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by a
progressive loss of cognitive function. It accounts for an estimated 60% to 80% of all cases of dementia [1].
As of now, it is estimated that 5.8 million Americans aged 65 years and older have AD. This number is
estimated to rise to 7.1 million by 2025 and 13.8 million by 2050, which may hinder developments to
prevent or cure AD [1]. Neurofibrillary tangles (NFTs) containing hyperphosphorylated and aggerated
tau proteins and senile plaques containing amyloid-β (Aβ) within the brain represent the pathological
characteristics of Alzheimer’s disease (AD). The deposit of NFTs in the hippocampus and entorhinal
cortex is correlated with the severity of cognitive decline. Similarly, amyloid plaques have been found
to accumulate within the isocortex, although the progression of the deposition is less predictable than
NFTs [2]. The amyloid cascade hypothesis suggests that the deposition of Aβ is the first change to
the brain during AD, which leads to senile plaque formation, followed by NFTs and neuronal cell
death [3]. However, only tau NFTs correlate with the degree of cognitive dysfunction [4]. Currently,
AD is diagnosed through a series of cognitive tests done by a physician, as well as obtaining a
medical and family history from the individual [1]. However, a definitive diagnosis is accomplished
histopathologically through the observation of pathological characteristics such as Aβ plaques and
NFTs in post-mortem brain tissues [5]. Thus, the need for a noninvasive tool to identify the presence of
Aβ plaques or NFTs can prove to be useful in the accurate diagnosis of AD.
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The use of molecular probes to image NFTs and Aβ plaques has mainly focused on the use of
positron emission tomography (PET) [6]. This medical imaging technique utilizes radiolabeled probes
that emit positrons. Once emitted, positrons travel over a short range in the body and annihilate with an
electron. As a result of annihilation, two gamma quants are emitted and used to produce an image [7–9].
The main advantage of this approach is the extremally high sensitivity and specificity of PET tracers [6].
However, PET has a low spatial resolution [10], which may make it difficult in analyzing pathological
characteristics in small structures such as the hippocampus. Additionally, PET tracers require fast
imaging right after synthesis and purification due to the respective radioactive decay.

Magnetic resonance imaging (MRI) is another medical imaging modality used for studying
AD. MRI has been used to measure water diffusion changes in the brain, AD-associated changes in
brain perfusions, structural changes, and brain atrophy and study the effects of AD on the functional
connectivity network of the brain [6,11,12]. Despite the high spatial resolution of MRI, molecular
imaging using this medical imaging modality is still under development due to the low sensitivity
of MRI [6]. The recent progress in the field of MRI AD molecular imaging has been connected with
the development of fluorinated molecular probes. Fluorine-19 (19F) has a high natural abundance
(~100%) and a high gyromagnetic ratio. Additionally, there is a lack of endogenous 19F in living
organisms. These three factors cause the reasonable signal-to-noise ration of 19F MRI images [13].
MRI can potentially be used for molecular imaging scans that have a higher spatial resolution than
PET, are less cost-effective, and do not use ionizing radiation. MRI used for molecular imaging is
advantageous, since the probes can be stored long-term before use [14].

Another upcoming technique used for molecular imaging is fluorescence imaging with
near-infrared light. The fluorescence emission of each probe used should be within 650 and 900 nm
to achieve an adequate penetration depth and high sensitivity. The advantage of optical imaging
includes the low cost, real-time imaging with the option of multitargets, wide availability, and no
radioactivity [15]. Notwithstanding the application potential of fluorinated molecular imaging probes
for AD detection, comprehensive reviews on fluorinated molecular probes are lacking, leaving a
strong demand for an article to fill this gap. The purpose of this review is to provide an update on
the recent developments and advances in fluorinated molecular probes for imaging AD. A complete
review of fluorinated molecular probes that have been developed will facilitate the translation from
the laboratory to future clinical applications.

2. 19F MRI Molecular Probes for AD Detection

2.1. Amyloid Beta Imaging

The deposition of amyloid-β (Aβ) plaques within the brain has been considered the
initiating event in the development of Alzheimer’s disease (AD) and occurs before clinical
symptoms emerge [16,17]. Thus, the use of a probe that can selectively bind to Aβ within
the brain can be a valuable tool in monitoring AD progression, as well as the evaluation of
responses to anti-amyloid therapies. The first study to detect Aβ in amyloid precursor protein
(APP) transgenic mice using 19F-MRI was reported using an amyloidophilic monofluorinated
bis-styryl-benzene ligand, (E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styryl-benzene (FSB),
obtained with 9.4-T MR imaging (Figure 1). Although the sensitivity of FSB was low and
required images averaging over two hours, the results indicated that additional compounds can
be fluorinated to obtain similar amyloid-targeted probes with even better sensitivities to detect
AD [14]. Since then, several fluorinated compounds have been used to detect Aβ in vivo. Several
polyfluorinated bisstyryl-benzenes have been investigated for Aβ detection by Flaherty et al. [18].
Compounds with a tetrafluorophenyl core increased their binding affinity to Aβ compared
to their monofluorophenyl counterparts due to the more electropositive tetrafluorophenyl core.
Additionally, bisstyryl-benzenes with para-substitutions have a higher affinity to Aβ than those
with meta-substitutions. Specifically, (E,E)-1,2,4,5-tetrafluoro-3,6-bis(4-hydroxy)styryl-benzene and
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(E,E)-1,4-bis(4-trifluromethoxy)styryl-benzene were shown to have increased Aβ binding affinities
(Kd) of 0.030 ± 0.001 and 10 ± 1 nM and Aβ plaque binding specificities (signal/noise ratio) of 10 ± 1.3
and 8.6 ± 0.2, respectively. These specificities show the relative affinity of a compound to Aβ plaques
compared to normal brain tissue. Both compounds also have the ability to pass the blood-brain
barrier, showing the necessary characteristics for Aβ detection. However, there are no available results
showing the detection in vivo [18].
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Figure 1. In vivo detection of amyloid plaques (indicated by arrowheads and arrows) in the brain of a
Tg2576 mouse after injection with (E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styryl-benzene
(FSB) [14]. (a) T1-weighted 1H imaging of the mouse brain. (b) T2-weighted image of the same slice
indicating the position of the amyloid-beta plaques. (c) 19F MRI image of the mouse brain after FSB
injection. (d) 19F-FSB image overlaid on top of the high-resolution T2-weighted 1H image. Images are
reprinted with permission from the publisher [14].

Trifluoromethoxy-benzylatedcompoundssuchas2-(4’-dimethylaminostyryl)-6-(2-([3’-trifluoromethoxy]
(benzylamino)ethoxyethoxy)benzoxazole (TFMB-2Et) and 2-(4’-dimethylaminostyryl)-6-(2-(3-trifluoro-
methoxy)benzylaminoethoxyethoxyethoxy)benzoxazole (TFMB-3Et) have been investigated as
candidate probes for amyloid imaging in vivo and have stronger 19F signals than FSB [19]. However,
19F NMR signals are sensitive to the environmental conditions of tissues. Brain tissue was found to
reduce the signal intensity and inhibit amyloid detection by affecting the 19F NMR signal. This may
be due to the high proportion of lipid components within the brain that trap the ligands containing
hydrophobic 19F. To overcome this, the hydrophilicity of the probes can be increased for the efficient
detection of amyloids. However, the level of hydrophilicity can affect the rate of passage of the
compound across the blood-brain barrier. Ensuring the optimization of the probe’s hydrophilicity
while also maintaining sufficient brain permeability is essential for amyloid MR imaging of the
brain [19].

Curcumin derivatives (19F-containing) have been investigated for the detection of Aβ deposition
using 19F MRI [20,21]. Curcumin, derived from the turmeric plant, has anti-inflammatory and
antioxidant properties and has been found to suppress amyloid effects [22,23]. Several studies have
confirmed its ability to pass the blood-brain barrier, bind Aβ plaques, and reduce the levels of
existing plaques within the brain [20,22,24], suggesting its use as a possible probe to detect Aβ

deposition. 19F-containing curcumin derivatives such as 1,7-bis(4-hydroxy-3-trifluoromethoxyphenyl)-
4-methoxycarbonylethyl-1,6-heptadiene-3,5-dione (FMeC1) have been developed and shown to pass
the blood-brain barrier and have an affinity to Aβ plaques in a live mouse model of AD [20]. It is
important to note that curcumin and its derivatives exhibit keto-enol tautomerism, where only the
enol form can bind to Aβ aggregates and fibrils. FMeC1 exists in the keto form in physiological
buffers and shifts to the enol form when bound to Aβ aggregates [25]. Using a 7.0-T MR scanner, the
in vivo detection of Aβ depositions was accomplished using FMeC1 in a mouse model of AD [20].
Since curcumin is amphipathic and requires high concentrations of detergents to pass the blood-brain
barrier, it makes administration by intravenous injection lethal and human trials unattainable [26].
Thus, McClure et al. used inhalation to deliver an aerosolized solution of perfluoro curcumin analog
(FMeCl) to the brain [21]. The compound was prepared in the same solution used for intravenous
injection; however, the suspension was aerosolized with a center-flow atomizer, diluted with air, and
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delivered to live mice by nose-only inhalation. Using this method, FMeCl reached concentrations in
the brain and was detectable by 19F NMR at 300 MHz [21].

In order to monitor the amyloid aggregation, a previous study used F-functionalized graphene
quantum dots (FGQDs) in conjunction with 19F MRI and fluorescence spectroscopy to monitor the
intermediate species involved. Bovine serum albumin (BSA) was capped onto the FGQDs and was able
to bind to amyloid intermediates by π-π stacking interactions and carboxyl/amino groups. The probe
was effective in monitoring in vitro amyloid aggregation with a higher specificity and selectivity than
thioflavin dye and was suitable for in vivo MRI detection, since it was able to pass the blood-brain
barrier and contains 19F (Figure 2) [27].
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Figure 2. 19F MRI signals of bovine serum albumin@F-functionalized graphene quantum dots
(BSA@FGQDs) in normal (a) and Alzheimer’s disease (AD) (b) mice overlaid on top of a high-resolution
T1-weighted proton MRI image [27]. Arrows indicate the detection of in vivo amyloid plaques. Images
are reprinted with permission from the publisher [27].

Recently, the possibility of using 2-(p-(trifluoromethyl)phenyl)-1,3-benzothiazol for the detection
of AD using ex vivo brain tissue at 3T MRI has been demonstrated [28]. Although the dissociation
constant of the Aβ fibrils synthetized probe complex was only 0.395 mM-1, the significantly higher
probe uptake was observed in AD rat brains compared to the healthy control brains. Additionally,
an additional 19F NMR peak was observed from the AD brain. The authors hypothesized that this
peak originated from the probe bounded to the Aβ plaques [28].

All molecular probes used for 19F MRI Aβ imaging and spectroscopy are gathered in Table 1.

2.2. Tau Pathology Imaging

The aggregation of tau protein into neurofibrillary tangles (NFTs) represents a pathological
hallmark of AD. Bundles of paired helical filaments (PHFs) comprise the NFTs and contain
abnormally hyperphosphorylated tau in a β-sheet conformation [29–31]. It is known that tau
NFT deposition correlates with cognitive decline in AD [4]. Thus, tau imaging within the brain
can contribute to a minimally invasive diagnosis of AD, as well as a way to monitor disease
activity and target engagement. The first study to report the detection of tau pathology using
19F-MRI employed the use of a styrl-benzoxazole derivative [32]. It has been previously reported
that styrl-benzoxazole derivatives do not show binding to NFTs in AD brain sections [26];
however, compounds with a 15–18 Å of pi-electron-conjugated backbone show a high affinity to
pathological tau [33]. Thus, to enhance the affinity of styrl-benzoxazole derivatives to tau pathologies,
a double bond can be added to the pi-electron-conjugated backbone [32]. Recently, a buta-1,3-diene
derivative, 1-(6-alkoxybenzoxazol-2-yl)-4-(4-dime-thylaminophenyl)-buta-1,3-dions (Shiga-X35), has
been synthesized as a 19F MRI probe to detect NFTs. MR imaging of a live, transgenic mouse head
after the injection of Shiga-X35 showed an accumulation of 19F-MR signals where NFTs accumulate
in the brain, suggesting that the compound can be useful to detect tau pathology with a 7.0-T
MR scanner (Figure 3). However, unwanted 19F-MR signals were detected in the wild-type mouse
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brain, demonstrating that the specificity and selectivity of the probe to NFTs should be improved.
The sensitivity should also be improved, since a high dose of the probe was required (200 mg/kg), and
the quality was poor compared to tau imaging using PET [32].

Table 1. Molecular probes for the detection of amyloid-β (Aβ) or neurofibrillary tangles (NFTs) using
19F MRI.

Amyloid. Tau
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Figure 3. In vivo tau detection in wild-type (a–c) and rTg4510 (d–f) mice using 19F MRI after the
injection of Shiga-X35 [32]. The proton MRI images (a,d) were used for brain localization. (b,e) 19F MRI
images acquired after Shiga-X35 injection. Fluorine images were superimposed on top of high-resolution
proton images (c,f). The Shiga-X35 uptake was significantly (* p = 0.044) higher in rTg4510 mice
compared to the healthy controls (g). Images and graph are reprinted with permission from the
publisher [32].
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Studies have also investigated the ability of benzimidazole derivatives to selectively bind to
NFTs [34]. Specifically, the use of lansoprazole (LNS), which has applications in the treatment of
gastrointestinal disorders, can pass the blood-brain barrier and selectively bind to aggregated tau.
Using surface plasmon resonance (SPR), LNS was shown to have a high affinity, indicated by a relatively
low Ki, to PHFs isolated from AD brains (Ki = 833.3 ± 171 nM) [34]. Since LNS has a high density of
fluorine within its structure, it can be useful in the application of tau imaging using 19F-MRI. Although
these results did not show whether LNS can visualize tau pathology in the living brain, it suggests the
use of fluorinated benzimidazole derivatives as potential probes for in vivo tau imaging. LNS was
further used to detect tau aggregates in an ex vivo study using a rat model of AD and 19F-MRS. It was
shown that the 19F signal from LNS interacts with NFTs, demonstrating the potential in using the
compound to distinguish between AD and healthy brains with a clinical 3T scanner. The use of LNS
as a fluorinated MRI molecular probe is advantageous, since the signal obtained mostly comes from
pathology sites. Additionally, it is a commercially available product and already approved for medical
use [35].

All molecular probes used for 19F MRI NFTs imaging and spectroscopy are gathered in Table 1.

3. 18F-Labeled PET Molecular Probes for AD Detection

3.1. Amyloid Beta Imaging

The use of PET is an important tool for Aβ imaging due to its high sensitivity and quantitative
ability. Although MRI offers a higher spatial resolution, PET was the first imaging modality used for
the molecular imaging of Aβ and NFTs. Furthermore, The National Institute on Aging-Alzheimer’s
Association (NIA-AA) clinical diagnostic guidelines include amyloid PET biomarker data as a part of the
diagnostic process [36,37]. The early reported use of radiolabeled amyloid molecular probes for potential
in vivo PET imaging includes derivatives of Congo Red, chrysamine-G, and thioflavin T [38–43].

The first report to describe the in vivo detection of the pathological characteristics of AD
(NFTs and Aβ) in the brain of living AD patients used 18F-labeled 2-(1-(6-[(2-(18F)fluoroethyl)
(methyl)amino]-2-naphthyl)ethylidene)malononitrile ((18F)FDDNP). The probe crossed the blood-brain
barrier in proportion to the blood flow and exhibited a greater accumulation and slower clearance from
NFT and Aβ-dense brain regions [44]. In vitro studies indicated two kinetically distinguishable binding
sites of (18F)FDDNP with Kd values of 0.12 nM-1 and 1.86 nM-1 to synthetic fibrils of Aβ(1–40) [45].
However, a study by Thompson et al. demonstrated that, when FDDNP is used at tracer concentrations
associated with in vivo imaging studies, it has a low sensitivity for senile plaques and NFTs [46].
Following this, another human study was conducted using an 11C-labeled benzothiazole derivative,
N-methyl-(11C)2-(4’-methylaminophenyl)-6-hydroxybenzothiazole (Pittsburgh Compound-B or PIB)
and included 16 patients with AD and nine healthy volunteers. Compared to controls, this compound
showed a marked retention of PIB in areas of the cortex known to show large amounts of amyloid
depositions [47]. Further studies demonstrated the use of PIB-PET to detect Aβ in both AD patients
and nondemented patients, suggesting its use at the preclinical stages of AD [48]. The major limitation
of PIB includes its short half-life of 20 min, restricting its use to facilitates with an on-site cyclotron [47].
This triggered the study of further 18F-labeled radioligands for the imaging of Aβ in AD brains due to
the longer half-life of 110 min.

Since then, newer 18F-labeled radiopharmaceuticals such as (18F)florbetapir (Amyvid;
Eli Lilly, Indianapolis, IN, USA), (18F)florbetaben (Neuraceq; Piramal, Mumbai, India), and
(18F)flutemetamol (Vizamyl; GE Healthcare, Arlington Heights, IL, USA) have been synthesized [49–52].
These compounds, all approved by the FDA, have a high affinity to Aβ plaques and can be used in the
management of AD, as they allow for Aβ plaque quantification in brain cortices. These compounds
have a half-life of 110 min, making them advantageous over PIB, since they can be transferred from the
site of production to PET scanner facilities. [18F] Florbetapir, a stilbene derivative, was FDA-approved
in 2012 and was the first nuclear imaging radiotracer to be used for subjects suspected with AD. It
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is readily taken up through the blood-brain barrier, and its biodistribution is stable up to 60 min
after intravenous injection, allowing a wide window for the recommended imaging time of 10 min.
Florbetapir PET images correlated with regions in the brain known to have Aβ [53]. (18F)florbetaben,
another stilbene derivative, was FDA-approved in 2014 [54]. Preclinical data show a nanomolar binding
affinity to both synthetic Aβ fibrils and AD homogenates without binding to tau or alpha-synuclein
deposits, thus showing a high specificity to amyloid plaques [55]. In a phase II diagnostic study,
florbetaben PET imaging differentiated healthy controls from AD patients with a sensitivity of 80%
and a specificity of 91% (Figure 4) [56].
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Figure 4. Axial and sagittal (18F)florbetaben brain PET images of an AD patient (A) and a healthy
control (B) for the detection of Aβ [56]. The bottom row illustrates a fused PET/T1-weighted MRI
image. Pet images were acquired 90–110 min post-injection. Images are reprinted with permission of
the publisher [56].

Lastly, (18F)flutemetamol was FDA approved in 2013 and is an 18F derivative of PIB, thus
demonstrating similar kinetic properties [54]. PET scans were able to distinguish healthy controls to
AD patients with a sensitivity of 97.2% and specificity of 85.3% (Figure 5) [57].
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Figure 5. Representative axial and sagittal (18F)flutemetamol images of AD (upper row), mild cognitive
impairment (middle row), and healthy controls (lower row) for the detection of Aβ [57]. Extensive
uptake of flutemetamol can be observed in the cortical regions of AD and mild cognitive impairment
patients. Images are reprinted with permission of the publisher [57].

Additional compounds used for Aβ imaging include 11C-labeled 5-(6-([tert-butyl(dimethyl)
silyl]oxy)-1,3-benzothiazol-2-yl)pyridin-2-amine (11C-AZD2184), which has a high affinity for amyloid
fibrils in vitro (Kd = 8.4 ± 1.0 nM). In human studies, a high binding of 11C-AZD2184 was observed in
the cerebral cortical regions of AD patients in comparison with the control subjects [58]. All molecular
probes used for 18F PET Aβ imaging are gathered in Table 2.
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Table 2. Molecular probes for the detection of Aβ or NFTs using PET.
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3.2. Tau Pathology Imaging

Early radiotracers to detect tau pathology included quinolone and benzimidazole derivatives [59,60].
Of the quinolone derivatives, 2-(4-aminophenyl)-6-(2-(18F)fluoroethoxy) quinoline (18F-THK523)
demonstrated a higher retention of the compound in the temporal, parietal, and orbitofrontal
lobes and in the hippocampus of patients with AD, compared to healthy controls. However,
the high retention of 18F-THK523 in white matter precludes a visual inspection of the
images, hindering its use in clinical settings [61]. This led to improved quinoline derivatives,
such as 6-((3-[18F]fluoro-2-hydroxy)propoxy)-2-(4-dimethylaminophenyl)quinolone (18F-THK5105),
6-((3-[18F] fluoro-2-hydroxy)propoxy)-2-(4-methylaminophenyl) quinolone (18F-THK5117), and
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6-((3-18F-2-hydroxy)propoxy)-2-(4-methylaminopyridyl)quinoline (18F-THK5351), and showed a
higher binding affinity than 18F-THK523 [60,62]. Of the three, 18F-THK5351 shows faster kinetics,
a lower white matter retention, and a higher signal-to-noise ratio than 18F-THK5105 and
18F-THK5117 [60,62]. Benzimidazole and benzimidazole-pyrimidine derivatives include (E)-4-(2-(6-[2-
(2-(2-[18F] fluoroethoxy) ethoxy) ethoxy] pyridin3-yl) vinyl)-N-methyl benzenamine (18F-T807, also
known as 18F-flortaucipir) and lansoprazole for potential tau radiotracers [63–65]. Human 18F-T807 PET
studies show high-target cortical-to-cerebellum ratios and accumulations in brain regions associated
with the distribution of PHF-tau in AD brains [66]. However, in vivo studies demonstrate 18F-T807
to show nonspecific binding within the basal ganglia of AD and progressive supranuclear palsy
patients [67]. This off-target binding may be attributed to 18F-T807 binding to monoamine oxidase
(MAO) in the basal ganglia, as T807 is a weak, nonselective inhibitor of MAO [68]. A series of
lansoprazole derivatives have been radiolabeled with 11C and 18F [64,69]. 11C-N-methyl lansoprazole
(11C-NML) demonstrated a lack of brain uptake in mice but was overcome by pretreating with
cyclosporin A to block the permeability-glycoprotein 1 (PGP) transporter. Contrastingly, both 11C-NML
and 18F-lansoprazole demonstrated unhampered brain uptakes in nonhuman primates [64,69].
From docking studies, Rojo et al. demonstrated that the benzimidazole-NH formed a key hydrogen bond
with the C-terminal hexapeptide (386TDHGAE391) of the tau core [34], thus determining that the effect
of replacing the NH with N-11CH3 in 11C-NML is important. 11C-NML and nonlabeled lansoprazole
had a Kd of 700 pM and 2.5 nM to heparin-induced tau filaments, respectively, suggesting that
replacing the NH with N-11CH3 improves the affinity of tau by a factor of three [34,69]. More recently,
the first-in-human study using 18F-NML as a tau PET imaging agent was evaluated (Figure 6). Despite
the high affinity for tau in vitro, the brain retention in patients with AD progressive supranuclear palsy
was low and insufficient to detect tau pathology in vivo [70].
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Figure 6. Representative transversal, sagittal, and coronal (18F)N-methyl lansoprazole (NML) PET
images in a progressive supranuclear palsy patient for the detection of tau [70]. Images are reprinted
with permission of the publisher [70].

Derivatives constructed around a phenyl/pyridinyl-butadienyl-benzothiazole/benzothiazolium
(PBB) scaffold have been designed to detect tau pathologies within the brain. One of the first
derivatives to be used, 11C-PBB3, was found to preferentially bind to NFTs in AD brains during an
in vitro binding analysis than flortaucipir [71]. However, a low dynamic range, metabolic instability,
and off-target binding in the basal ganglia were observed with the use of 11C-PBB3 [72]. Thus,
18F-labeled derivatives ((18F)AM-PBB3 and (18F)PM-PBB3) have been developed to overcome these
drawbacks and demonstrated a greater signal-to-noise background ratio and less target binding within
the basal ganglia [73,74].

After the development of the initial tau radiotracers discussed above, several pharmaceutical
companies started developing and optimizing binding properties, leading to the second-generation
of tau radiotracers. Some of these new tracers were based on the structure of existing tracers such
as 18F-GTP1 and 18F-PI-2620 [75,76]. 18F-GTP1, a deuterated analog of 18F-T808, was synthesized
to reduce the metabolic instability of 18F-T808 by defluorination. In a clinical PET study, 18F-GTP1
demonstrated a low nanomolar affinity to tau, selectivity over Aβ, no apparent off-target binding,
and successfully differentiated AD subjects from healthy control subjects [75]. 18F-PI-2620, related to
18F-T807, was designed to reduce off-target binding towards MAO-A and -B. Using ligand-binding
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assays, 18F-PI-2620 demonstrated a high affinity to pathological tau aggregates and a selectivity for
pathological tau aggregates over Aβ [76]. The first-in-human study using 18F-PI-2620 showed an
accumulation of the radiotracer in regions of the brain known to have tau depositions, as well as
increased uptakes of 18F-PI-2620 in patients with AD compared to healthy controls [77].

Further radiotracers include 18F-RO6958948 (RO-948), 11C-RO6931643 (RO-643), and
11C-RO6924963 (RO-963) and were all identified to show a high affinity to NFTs and have selectivity
against Aβ in AD brains [78,79]. Of the three, 18F-RO-948 had a better signal-to-background ratio in
AD patients than 11C-RO-643 and 11C-RO-963. In a human study, a higher uptake of 18F-RO-948
was observed in AD patients compared to healthy controls (Figure 7). [80]. 18F-MK-6240, a pyridine
isoquinoline amine derivative, is a novel radiotracer that demonstrates a high selectivity for NFTs [81].
In vivo studies in humans show 18F-MK-6240 to have a high affinity to tau without any substantial
off-target binding in the basal ganglia that would impede NFT detection [82]. 18F-JNJ64349311
(18F-JNJ311) has also been shown to have a high affinity for aggregated tau (Ki= 8 nM) and in vivo
selectivity for tau over Aβ [83].
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Figure 7. (18F)RO-948 PET images overlaid on MRI on a healthy control (upper row) and an AD patient
(bottom row). The increased uptake of (18F)RO-948 in the AD patient is associated with the binding to
the hyperphosphorylated tau protein. [80]. Images are reprinted with permission of the publisher [80].

All molecular probes used for 18F PET tau imaging are shown in Table 2.

4. Fluorescent Molecular Probes for AD Detection

4.1. Amyloid Beta Imaging

Most research efforts for the molecular imaging of Aβ and NFTs have been focused on the use of
MRI and PET. However, the sensitivity of MRI is low due to the small contrast between Aβ, NFTs, and
surrounding tissue, while PET is limited by the short half-lives of the positron-emitting nuclei [84].
Alternative imaging modalities such as near-infrared fluorescence (NIRF) imaging depend on low
absorption coefficients of light near the infrared region (600–900 nm) of the electromagnetic spectrum.
These can be a powerful tool for the noninvasive imaging of specific pathological targets due to their
relatively low cost, sensitivity, and the availability of dyes that fluoresce in this spectral domain [85].
Additionally, the fluorescence signals by the body within this range are minimal, resulting in low
background signals [86]. One of the first NIRF probes used to image Aβ was NIAD-4 and was based off

of the structures of Congo Red and thioflavin T. Although the probe was not fluorinated, it represents
a major step in the development of additional NIRF ligands. In vitro studies demonstrated a binding
constant of 10 nM, while in vivo studies demonstrated its ability to pass the blood-brain barrier and
bind to Aβ. However, its emission wavelength falls just within the NIRF wavelength, and the technique
used was still invasive [87]. Thus, further compounds were studied with improved optical properties
and the ability to bind to Aβ. Several compounds have focused on the use of boron dipyrromethene
(BODIPY) as a fluorophore for NIRF imaging due to its high quantum yield, biocompatibility, and high
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lipophilicity [15]. BODIPY-based Aβ aggregates (BAP)-1 contain a dimethylamino styryl group
which plays an important role in Aβ aggregate binding. BAP-1 has a good affinity to synthetic Aβ

fibrils in vitro, was able to penetrate the blood–brain barrier, and selectively labeled Aβ in a mouse
brain. However, it failed in vivo imaging experiments due to nonspecific binding in the scalp [88].
Since the wavelengths of BODIPY derivatives can be increased by adding a furanyl group without
affecting its ability to interact with Aβ, the dimethylaminophenyl group BAP-1 was replaced with a
dimethylaminofuranyl group (BAP-2) [86,89]. Like BAP-1, BAP-2 was able to interact with Aβ in vitro
but failed in vivo imaging due to nonspecific binding [86]. Thus, compounds such as QAD-1 have been
synthesized in order to reduce nonspecific binding and reduce background signals. QAD-1 exhibited
significant fluorescence once bound to soluble and insoluble Aβs with low background signals. In vivo
studies demonstrated it could detect Aβ as early as six months in Aβ transgenic mice, suggesting
that QAD-1 can be used for the early detection of AD (Figure 8) [90]. Other NIRF ligands include
oxazine derivatives such as AOI987, which readily passed the blood-brain barrier, demonstrated a
binding constant of 0.2 µM to aggregated Aβ, and has an absorption and emission maxima at 650 and
670 nm, respectively. In vivo studies revealed a higher fluorescence intensity in APP23-transgenic mice
overexpressing human APP than age-matched healthy controls [85].
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Figure 8. In vivo imaging of Aβ using QAD-1 in APPSWE/PSEN 1dE9 transgenic (Tg) and wild-type
(WT) mice [90]. From left to right, images were taken 5 (a), 15 (b), and 30 (c) min after QAD-1 injection.
The significant difference between the QAD-1 uptake in transgenic and wild-type mice was observed
5 min post-QAD-1 injection. The hot-spots on the images correspond to the Aβ plaques localized in the
APPSWE/PSEN 1dE9 transgenic mouse. The low background signal of QAD-1 can be observed in (c).
Images are reprinted with permission of the publisher [90].

Due to its fluorescence properties, curcumin and its related derivatives have been investigated for
Aβ plaque imaging using NIRF. It has been suggested that curcumin weakly passes the blood–brain
barrier, as it took seven days of daily intravenous (I.V.) injections to observe the senile plaques [24].
Additionally, it is not practical to use for NIRF imaging due to its short emission wavelength [91].
However, a group of curcumin derivatives called CRANAD-Xs show better brain permeability than
curcumin. Of the probes, CRANAD-2, -3, -58, and -102 show a high fluorescence increase when
interacting with Aβ [92–95]. CRANAD-58 and -3 are used for the detection of both soluble and
insoluble Aβ. This is favorable, since both forms coexist during AD progression [93,94]. CRANAD-102
was designed in order to differentiate between the insoluble and soluble forms of Aβ and demonstrated
this 68-fold higher for soluble Aβ. CRANAD-102 can be used for the early detection of AD, since
soluble Aβ is the dominant form in early stages of the disease [95]. Due to the poor tissue penetration
of near-infrared (NIR) light, Yang et al. focused on the use of the eye as a target for noninvasive
NIRF imaging, since it has minimal opacity for NIR light and is an extension of the central nervous
system [96]. Studies have confirmed that Aβ species can deposit within the retina in transgenic
mice [97], and humans express the amyloid precursor protein (APP) in the retina and have the cellular
machinery to generate Aβ [98,99]. By using CRANAD-Xs, Aβ species were visualized using the
near-infrared fluorescence ocular imaging (NIRFOI) of AD. However, the limitations of this technique
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include the inability to provide spatial resolution of the eye, the understanding of what brain areas are
affected by Aβ, and the effects of the eye color of the NIRFOI signal [96].

Aβ is produced by two proteolytic events of APP, the first by β-site APP-cleaving enzyme 1
(BACE1). The use of fluorescence microscopy and a small molecule that can selectively bind to BACE1
can offer a way to study the physiology of this protease. SiR-BACE1, a conjugate of BACE1 inhibitor
S-39, and silicone rhodamine (SiR)647 have been synthesized as a fluorogenic label for BACE1 and
can be used for live cell imaging. The implications of SiR-BACE1 include the monitoring of AD
therapeutics used to prevent BACE1–APP interactions [100].

All molecular probes used for fluorescence Aβ imaging are shown in Table 3.

Table 3. Molecular probes for the detection of Aβ or NFTs using fluorescence. BAP: BODIPY-based
Aβ aggregates.
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Table 3. Cont.
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4.2. Tau Pathology Imaging

Although thioflavin S (ThS) is the most common way to stain fibril structures in vitro, it is not
applicable for in vivo studies, since it is unable to pass the blood–brain barrier due to its anionic
nature [101]. Thus, attempts have been made to develop fluorescent compounds that have high
selectivity for tau aggregates and pass the blood–brain barrier. Of these compounds, Congo red,
difluoroboron, and BODIPY-based derivatives contain fluorine [102–105]. Of the Congo red derivatives,
FSB was found to label tau inclusions in tissue sections from transgenic mice for human P301S tau.
In vivo studies showed FSB to bind to the spinal cord of transgenic mice after a single intravenous
injection [102].

Park et al. analyzed a series of variously substituted NIRF-specific tau probes with a difluoroboron
β-diketonate and an N,N-32 dimethylaniline moiety linked by a length-extendable π-bridge [103].
Of these probes, 6-((1E,3E)-4-(4-[dimethylamino]phenyl)buta-1,3-dien-1-yl)-2,2-difluoro-4-319
isobutyl-2H-1,3,2-dioxaborinin-1-ium-2-uide (labeled 2e in the study) demonstrated 8.8-times higher
tau specificity over Aβ, the highest of all probes investigated. Ex vivo studies showed AD brains
to have a higher fluorescence than healthy controls (Figure 9). The probe demonstrates “turn-on”
fluorescent properties due to the fluorophore with a rotatable donor-acceptor bond that selectively
turns on in the microenvironment of tau aggregates [103].

BODIPY-based fluorescent probes have also been synthesized in order to image tau aggregates.
Two of these probes, Tau 1 and Tau 2, demonstrated in vitro and ex vivo imaging of hyperphosphorylated
tau filaments with low background noise. Additionally, both probes were able to visualize intracellular
tau deposits, suggesting their ability to effectively penetrate cells. However, only Tau 1 was able to
penetrate the blood–brain barrier and display a high selectivity for tau over Aβ in a transgenic mouse
model (Figure 10) [104].

Additional BODIPY-based fluorescent probes include BD-tau and have been used to visualize tau
aggregates in live cells. It was found that BD-tau was permeable to tau-induced cells and showed a
2.2-fold fluorescent increase upon interaction. Additionally, it was able to visualize tau aggregates in
live cells but not under fixed-cell conditions. BD-tau was also able to detect filamentous tau aggregates
in brain tissues, suggesting its use as a fluorescent probe in vivo (Figure 11) [105]. Since fluorescently
labeling antibodies is expensive and time-consuming, fluorophores such as Tau-1, -2, and BD-tau can
be advantageous in histological experiments [104].

All fluorinated molecular probes used for fluorescence tau imaging are demonstrated in Table 3.
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Figure 9. Confocal fluorescence images of healthy controls and AD brain sections
after treatment with 6-((1E,3E)-4-(4-[dimethylamino]phenyl)-buta1,3-dien-1-yl)-2,2-difluoro-4-319
isobutyl-2H-1,3,2-dioxaborinin-1-ium-2-uide to detect tau filaments (first column) [103]. The second
column demonstrates staining with a p-tau antibody (Ser202/Thr205). The third column shows the
superimposed images demonstrating the accuracy of t-protein detection using the difluoroboron
β-diketonate probe. Images are reprinted with permission of the publisher [103].
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Figure 11. Ex vivo brain slices of tau transgenic mice labeled with the BD-tau and anti-tau paired
helical filament (PHF) antibodies to demonstrate the accuracy of tau aggregates detection using
BD-tau [105]. The third image is the overlay of the first two. Images are reprinted with permission of
the publisher [105].



Molecules 2020, 25, 3413 15 of 23

5. Conclusions

Molecular imaging of the Aβ deposition and NFTs is crucial for the early detection and treatment
monitoring of AD. Although the number of proposed fluorinated molecular probes is large, most
of them have not reached the clinical translation stage. To facilitate future transitions into the clinic,
molecular probe parameter optimizations are necessary.

Molecular probes designed to bind to Aβ and hyperphosphorylated tau protein are small molecules
comprised of at least two aromatic rings and a linker that may also serve to modify the probe’s affinity.
For example, the vast majority of fluorinated molecular probes developed for AD detection contain
either a methylamine or dimethylamine group that binds to π-conjugated structures, yielding a
nanomolar affinity [61,92,106,107]. To make the MRI or PET probe detectable, it should be labeled
using 19F or 18F, respectively. In order to develop fluorescent molecular imaging probes, molecules
have to contain an electron-donating group linked to an electron-withdrawing group by a highly
polarized conjugated π-electron chain. Alternating donor and acceptor groups can be used to control
the relative energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). This leads to a smaller HOMO-LUMO gap and the desired long-wavelength
absorption/emission bands [85,87]. Turning the compound’s fluorescence on upon binding to Aβ

plaques can be achieved with the possession of a substantial degree of conformational freedom in
the unbound state and restriction of the conformation after binding to the protein. This increases the
fluorescence quantum yield on the protein-bound molecule by decreasing the vibration-rotational
processes and, consequently, decreasing the radiationless decay rate [87].

The particular challenge that should be considered before synthesizing a novel fluorinated
molecular imaging probe is the potentially high lipophilicity of the desired probe, which can limit the
administrating concentrations. Thus, conjugating a hydrophilic group to improve the blood solubility
should be considered.

Two significant hydrophobic-binding sites located in Aβ17–21 and Aβ30–40 allow for hydrophobic
and aromatic interactions with potential molecular probes. Thus, the aromatic core plays an important
role in binding to Aβ [108]. Since Aβ and NFTs both exhibit a β-sheet structure, similar structural
characteristics are used to design molecular probes specific for NFTs. Four different high-affinity
binding sites have been observed on tau fibrils, with the dominant interaction for the probe-fibril
association being hydrophobic [109].

Taking a close look at the affinity of all the studied fluorinated molecular probes, it can be noted
that a vast majority have an association constant on the order of nM. A future development includes
improving the probe’s association to the targeted protein structure. This approach involves precise
biochemical calculations and modeling of the probe–target interactions. However, this approach is
less beneficial for PET than MRI and fluorescence imaging, since the sensitivity of PET is extremely
high, with a low spatial resolution. On the other hand, the MRI signal is directly proportional to the
number of molecular probes at the disease site, and, therefore, a linear increase in the MRI signal with
the probe’s affinity is expected. In addition, an increase of the probe affinity to their target decreases
the background signal due to nonselective binding. Therefore, the signal-to-noise ratio of the MRI
image is expected to increase even more. Currently, the major drawback of fluorinated MRI probes is
the small number of 19F nuclei per molecule, which yields a low MRI signal and low image resolution.
To eliminate this issue, increasing the amount of magnetically equivalent fluorine atoms per molecule
is needed. This can be done either through attaching additional CF3 groups to the probe or through
conjugating the probe to perfluorinated macromolecules, which are currently used to track the cell
activity in vivo using MRI [110,111]. A higher affinity of fluorescence probes allows the reduction
of the background signal due to nonspecific binding and, therefore, tends to increase the signal-to
noise-ratio (SNR).

The other approach that potentially helps to improve the quality of the imaging of fluorinated
AD molecular probes is the technical improvement of the signal detection systems. For example,
the transition from whole-body PET to organ-specific PET can be beneficial by building a dedicated
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PET detector for brain imaging [112]. In addition, the development of novel image processing
algorithms can significantly improve the resolution of PET imaging scans [113]. It can be expected
that an improvement of the hardware and image processing software will be a key feature needed
for the imaging of 18F-labeled PET molecular probes since PET imaging agents are highly developed,
and the low resolution of PET images is limited by the positron traveling range. At the current
stage of development, molecular imaging probes with low nonspecific binding should be preferred
over other imaging probes. MRI imaging of fluorinated molecular probes can be improved by
developing a dedicated phased-array brain coil that can substantially increase the SNR of an MRI
image [114]. In addition, this approach can resolve a specific issue with all fluorinated MRI molecular
probes—enormously long scanning time. Further advances can be achieved by using non-cartesian
scanning k-space trajectories and the compressed sensing imaging approach [115]. These techniques
will significantly decrease the scan time, improve the image SNR, and, therefore, improve the
image resolution.

Substantial improvement in the field of AD fluorescence imaging can be achieved by developing
a probe with a large Stokes shift and high quantum yield. A large Stokes shift means the emission
of the photons with a longer wavelength yielding to a better tissue penetration and reducing the
fluorescence background.

Depending on the imaging modality used, the desired properties of the molecular probe can be
determined. For example, PET imaging probes should have a high affinity to the targeted protein but
have a low nonspecific binding to decrease the background signal. MRI probes should contain a high
number of 19F atoms per molecule, in addition to a high affinity and low nonselective binding. To make a
proper decision about choosing a molecular probe for fluorescence imaging, molecules with the highest
quantum yield and Stokes shift should be suggested. In addition, the changing of the fluorescence
properties of the probe once bonded to the target can be a useful ability. Considering the desired
properties of the molecular imaging probes, we can suggest the following block scheme (Figure 12) of
developing an imaging probe for one of the three medical imaging modalities discussed above:
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might be useful tools for AD drug development. In addition, these probes can facilitate early-stage AD
detection, which makes them a valuable AD diagnostics instrument.
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