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ARTICLE INFO ABSTRACT

Keywords: Alzheimer's disease (AD) is a progressive neurodegenerative illness that affects the elderly population world-
Alzheimer's disease wide. The definite diagnosis of AD still depends on post-mortem pathological examination of amyloid plaques
Soluble Ap consisting of amyliod-B peptides (AB) fibrils in the brain so far. However, these fibrils are not closely linked to

Ratiometric fluorescence probe
Quantitative detection
Zn**-mediated recognition

the development of the disease. Alternatively, soluble A are believed to be more reliable biomarkers for early
diagnosis of AD. Here, we report a simple approach to quantitative detection of soluble AB species using N-(6-
(benzothiazol-2-yl)pyridin-3-yl)-5-(dimethylamino)naphthalene-1-sulfonamide (BPNS) as a ratiometric fluores-
cence Zn>* probe. This ratiometric fluorescence assay is based on the competition of soluble AB with BPNS for
Zn**, that is, soluble AB species with higher chelation affinity can capture Zn>* from BPNS-Zn>* adduct,
thereby reactivating the ratiometric fluorescence response of BPNS. BPNS exhibited perfect linear relationship
(R* = 0.998) in accordance with the concentration of soluble A in the presence of Zn®*. The assay possesses
strong anti-interference capacity against exogenous agent or the other proteins, thanks to the high selectivity for
soluble AP species. Importantly, this assay can quantitatively detect soluble A} species from different types of
biological fluids, such as artificial cerebrospinal fluid (ACSF), serum, and plasma in half an hour. This assay
provides a low-cost, fast, sensitive, and simple approach for quantitative detection of soluble AP species and may

serve as a potential tool for early-stage AD diagnosis.

1. Introduction

Alzheimer's disease (AD), a devastating neurodegenerative disorder,
is the most common cause for dementia, resulting in a large personal,
familial, and financial burden on society (Mcdade and Bateman, 2017).
More painfully, efficacious diagnosis of AD is not at hand so far,
especially in the early stage of the disease, which may be the primary
cause of the protracted progress in developing preventive therapeutics
(Scheltens et al., 2016). Fortunately, detection of pathological factors as
biomarkers has demonstrated promising potential in more accurate
diagnosis of AD with increased understanding of AD pathogenesis
(Blennow, 2010). Amyloid plaques consisting of amyloid-B peptides
(AB) fibrils, the major neuropathological hallmark of AD, is currently
predominant biomarker with great value in AD diagnosis (Blennow,
2010). Positron emission tomography (PET) imaging of A} plaques has
already been in clinical use (Viola et al., 2015). However, these in-
soluble AP plaques do not correlate well with cognitive impairment in
the term of both amount and location, and are not present in the earliest
stages of the disease (Nyborg et al., 2013). Alternatively, soluble A}

species, mainly as oligomers, are proposed to be more neurotoxic than
insoluble AP fibrils, playing a central role in memory loss (Haass and
Selkoe, 2007). Moreover, they appear as early as ~10-15 years before
the clinical symptom of AD, allowing them as more valuable bio-
markers for early diagnosis or even prognosis. However, the detection
of soluble A species is still challenging due to their metastable nature
(Lee et al., 2017).

Unlike AP fibrils only existing in the brain, soluble AP species can
also efflux into body fluids such as cerebrospinal fluid (CSF) and plasma
(Wang et al., 2017). Despite at low concentration, soluble Af} species in
such body fluids have been proved to correlate with plaque burden,
thus may provide the earliest clue to predict the progress of AD pa-
thology. Currently, antibody-depended immunoassays in conjunction
with routine analytical techniques, i.e., colorimetry, fluorescence,
electrochemistry, are the most prevalent detection platforms for quan-
tifying soluble AP species (Chan et al., 2017; Liu et al., 2013a; Carneiro
et al., 2017; Zakaria et al., 2018). However, they are often costly, time-
consuming, and less sensitive due to the use of expensive and less stable
antibodies as receptors to capture and recognize soluble AP species.
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Fig. 1. The structure (top) and design principle (bottom) of BPNS.
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Moreover, although a few of analytical platforms including surface
plasmon resonance, mass spectrometry, and surface-enhanced Raman
spectroscopy have been employed for AR detection with improved
sensitivity (Kim et al., 2019; Ford et al., 2008; Nakamura et al., 2018),
their practical applications have been hindered by the requirements of
sophisticated instruments and operational expertise. To overcome the
limitation of antibody-based immunoassays, ratiometric fluorescence
sensing with small molecule sensors would offer an attractive option for
quantitative detection due to its striking advantages, such as simplicity,
low cost, high sensitivity, and inherent reliability, resulting from its
self-calibration effect of two emission bands that can eliminate the in-
terference from local probe concentration, photobleaching, as well as
instrumental parameters (Lee et al., 2015). Nevertheless, only one ex-
ample to date has plausibly showed ratiometric fluorescence response
to soluble A species, but unavailability for quantitative detection be-
cause of poor selectivity (Kim et al., 2018).

We herein construct a ratiometric fluorescence probe N-(6-(ben-
zothiazol-2-yl)pyridin-3-yl)-5-(dimethylamino)naphthalene-1-sulfona-
mide (BPNS) for quantitative detection of soluble Af} species on the
basis of the competition between AR and chelator for a metal ion
(Fig. 1). Metal ions, especially Zn>* and Cu®*, can bind to Ap with high
chelation affinity to promote A nucleation and aggregation (Faller
et al.,, 2014; Wang et al., 2018). Accordingly, AB may regulate the
fluorescence of fluorescent chelators for Zn** or Cu®* through co-
ordinating with chelator-bound metal ions. Thus, BPNS, composed of
two fluorophores: the metal-chelating unit 2-pyridylbenzothiazole
(PBT) group and dansyl group, is supposed to give off ratiometric
fluorescence response for Zn’>* or Cu®>* with lower binding affinity
compared with that of soluble A, thereby achieving metal-mediated
ratiometric fluorescence detection of soluble AR upon sequestration of
the metal ions from BPNS—metal adduct by the peptides (Fig. 1). As
expected, soluble AP can selectively trigger the ratiometric fluorescence
response of BPNS-Zn?* adduct through capturing Zn®*, enabling a
quantitative detection of soluble AP species with strong anti-inter-
ference capacity and high reliability. To the best of our knowledge, this
is the first ratiometric fluorescence assay for quantitative detection of
soluble AP species from biological fluids.

2. Experimental

Details on experimental section were provided in the
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Supplementary Material.
3. Results and discussion
3.1. Design of the proposed approach

In order to achieve quantitative detection of AP by fluor-
ophotometry, the common dual fluorophore-based strategy was in-
itially adopted for rational construction of a ratiometric fluorescence
probe for metal ion (Kaur and Kumar, 2011). Because the fluorescence
of each chromophore would be simultaneously modulated by the
communication between the two fluorophoric units triggered by the
metal ion, thereby enabling a ratiometric fluorescence response for the
metal ion. Meanwhile, it is essential that the binding affinity of the
proposed probe for the metal ion should be lower than that of soluble
Ap. To this aim, PBT group was selected as metal chelating moiety with
moderate binding affinity to Zn>* or Cu®?" due to its bidentate scaffold
(Maheswari et al., 2008). Dansyl group has been widely used to con-
struct bifluorophoric ratiometric probes because of its robust fluores-
cence in visible region, large Stokes shift, and high sensitivity to the
environment (Maity and Govindaraju, 2010; Chen et al., 2011). Upon
addition of soluble AP to the solution of BPNS-metal adduct, the
fluorescence of BPNS would ratiometrically recover owing to the cap-
ture of BPNS-bound metal ions by A} (Fig. 1). As a result, the amount of
soluble Af in unknown samples is presumed to be determined from the
relationship between fluorescence signal of BPNS and the concentration
of standard soluble AP species. Furthermore, BPNS can be easily syn-
thesized from common commercial reagents with two routine reactions.
The synthetic route and characterization of BPNS are described in
Scheme S1, Fig. S1, and S2. Therefore, it is reasonable that BPNS would
be a suitable ratiometric probe to construct metal-mediated fluores-
cence assay for quantitative detection of soluble Af.

3.2. Feasibility for ratiometric recognition of soluble A

To prove the feasibility of this approach, the fluorescence response
of BPNS for Zn?* was first investigated by fluorescence titration. When
excited at the maximum excitation wavelength (332 nm), BPNS per se
showed a strong fluorescence emission of dansyl group at 505nm
(® = 0.086), accompanied with a subtle emission of the PBT moiety at
423 nm, which is mainly attributed to the efficient energy transfer
(EET) from PBT part to the dansyl substructure in such bichromophoric
scaffold (Saura et al., 2015). In addition, the photoinduced electron
transfer (PeT) from the secondary amine of sulfonamide to PBT moiety
may further quench the fluorescence of PBT (Fig. 2A) (Yang et al.,
2016). Upon addition of Zn2" into the BPNS solution, a remarkable
decrease of fluorescence intensity at 505nm and a concomitant in-
crease in the intensity at 423nm were observed, simultaneously
yielding a single isosbestic point at 442 nm. This ratiometric response
can be ascribed to the coordination between BPNS and Zn?* to form the
complex BPNS-Zn?*, resulting in the blocking of PeT and EET process
by the chelation-enhanced-fluorescence effect (Andréasson and Pischel,
2010; Liu et al., 2013b). The formation of BPNS-Zn?* was confirmed
by the absorption titration of BPNS with Zn?* (Fig. $3). Zn** addition
leaded to a decrease in the 336 nm absorption band, along with increase
in the 415 nm absorption band. A single isosbestic point at 370 nm can
be also found in Fig. S3. More importantly, the apparent association
constant (°K,) of BPNS with Zn2" in the 20 mM Tris buffer was de-
termined to be 4.11 x 10° M~ by nonlinear fitting to the fluorescence
titration curve (Fig. S4), which is lower than that of AP for Zn?* under
the same condition (Bush et al., 1994). These results strongly indicate
that BPNS—-Zn?* system could be served as a ratiometric probe for so-
luble AB, which is highly expected to capture Zn®* out of BPNS-Zn**.

On the other hand, the binding behavior of BPNS for Cu®>* was also
measured by both absorption and fluorescence titrations. Titration of
Cu?* shows a similar absorption change in the UV-visible spectrum as
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Fig. 2. The fluorescence spectra of BPNS upon
addition of increasing concentration of Zn%* (A)
and AR monomer in the presence of Zn>*
(10puM) (B). Inset: the closeup of fluorescence
spectra in the range of 390-430 nm; The se-
lectivity of BPNS ratiometric fluorescence for
soluble A species against insoluble Af} species
(C) and the other proteins (D) in the presence of
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observed for Zn?*, indicating the coordination of Cu®?* to the PBT
group (Fig. S5). Nevertheless, both the fluorescence intensities at 423
and 505nm were quenched by Cu®* (Fig. S6), probably due to the
strong paramagnetic nature of Cu?t (Jung et al., 2009). Moreover, the
conditional association constant (K,) of BPNS for Cu?™ was calculated
to be 3.87 x 10'°M ™! using the previously obtained °K, (Fig. S6),
which is much higher than that of AB-Cu®" in the same Tris buffer
(Hatcher et al., 2008; Vello et al., 2010), indicating that BPNS—Cu?*
system is unavailable for ratiometric recognition of AfB. Therefore, ac-
cording to the metal binding properties of BPNS, the BPNS-Zn**
system was properly chosen for further detection of Af.

As expected, in the solution of BPNS-Zn>* system, the addition of
AB40 monomer resulted in a significant recovery of the quenched
emissive intensity at 505nm, while the peak at 423 nm almost dis-
appeared, indicating the good ratiometric responses of BPNS to A
monomer in the presence of Zn?* (Fig. 2B). Titration experiment
showed that the ratio of the emission intensity at 505 and 423 nm
(Fsos/F423) gradually increase with the increasing concentration of
AP40 monomer until 10 uM (Fig. S7). These ratiometric change could
be attributed to the release of Zn®>* from BPNS triggered by the strong
competition of A monomer for binding Zn®* against BPNS. As a result,
the quantum yield of BPNS-Zn?" solution (& = 0.060) also increased
to 0.160 upon addition of AB40 monomer. Moreover, the BPNS—Zn?"*
displayed a good linear relationship (R? = 0.995) between the ratios
(Fsos5/F423) and the concentrations of AB40 monomer in the range of
0-7 uM (Fig. S8), endowing BPNS with a detection limit (30/slope) of
390 nM for AB40 monomer under the test condition.

We next explored the fluorescence responses of BPNS for different
AP species in the presence of Zn®*. Ap species at different aggregation
states were prepared through pre-incubation of Af monomer in Tris
buffer at 37 °C for different time, which were confirmed by thioflavin T
(ThT) fluorescence assay using the dye ThT as a fluorescence probe of
amyloid fibril (Knowles et al., 2009). Accordingly, the soluble AP
monomers and oligomers (24 h) and the insoluble protofibrils (48 h) as
well as fibrils (72 h) were selected as models in the test (Fig. S9). As
Fig. 2C shows, the soluble A} samples can dramatically induce the ra-
tiometric responses of BPNS-Zn>" system. The effect of fluorescence
change was much higher than those triggered by both insoluble pro-
tofibrils and fibrils, probably resulting from the higher binding affinity

of the soluble AP species for Zn>* than that of the insoluble counter-
parts (Talmard et al., 2007). Furthermore, such distinction in the
fluorescence responses to the tested samples can be also visually ob-
served by the naked eye under a UV lamp (365 nm). The nonluminous
BPNS-Zn?* was lighted up by the soluble AP species with bright green
fluorescence, whereas only glimmer can be found in the systems con-
taining the insoluble A[} species.

The selectivity of BPNS for soluble A(} species against the other
proteins (e.g. tau protein, bovine serum albumin (BSA), bovine he-
moglobin (BHb), metallothionein-I (MT-I), and trypsin) was further
evaluated. As shown in Fig. 2D and S10, the proteins hardly changed
the Fsos/F423 ratio of BPNS in the presence of Zn?*, compared with
BPNS-Zn?"* solution as control. BPNS still exhibited excellent se-
lectivity for soluble AP against the proteins with one order of magni-
tude higher concentration than that of AB (Fig. S11), implying that
BPNS could be a Zn?"-mediated ratiometric fluorescence probe for the
soluble AP. In particular, almost no responses of BPNS for tau protein
and BSA, one of the AD biomarkers and the most abundant interfering
protein in blood, respectively (Cook et al., 2015; Wang et al., 2011),
would warrant the feasibility of the ratiometric fluorescence probe to
quantify soluble AP species in AD samples for early diagnosis.

To further understand the Zn®*-mediated recognition mechanism of
BPNS for soluble Af, the fluorescence response of BPNS for Af in the
absence of Zn?* was initially investigated. The free BPNS was unable to
discriminate different AP species, which induced similar fluorescence
enhancement of BPNS at 505 nm with up to ~ 3-fold, while no ratio-
metric response of BPNS was observed (Fig. S12). The fluorescence
increase of BPNS may be attributed to the affinity of PBT moiety to Ap
(Noél et al., 2013), which would influence the EET of PBT to dansyl
group. Moreover, the free BPNS also demonstrated low selectivity for
AP against the other proteins (Fig. S13). These results forcefully vali-
dated the indispensability of Zn®>* in the ratiometric recognition of
BPNS for soluble AB. Since Zn?* can strikingly promote the aggregation
of AP through coordination with His and Asp residues of AR (Rauk,
2009; Faller et al., 2013), the AP aggregation in the presence of BPNS
or/and Zn** were also measured. Similar amounts of soluble Ap species
were observed in the supernatant of both BPNS-treated and free AP
monomers with different co-incubation time by dot-blot assay using
monoclonal AfB-specific antibody 6E10 (Fig. 3A), indicating that BPNS
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Fig. 3. (A) Dot-blot assay of BPNS-treated and untreated A aggregation with different incubation time (24 h and 48 h) using monoclonal AB-specific antibody 6E10;
TEM (B) and photographic (C) images of different A samples with or without Zn?>* and BPNS-Zn?* (a, AB; b, AR + Zn®"; ¢, AB + BPNS-Zn?*).

hardly impact AP aggregation. However, significant aggregation of A
took place to eventually form insoluble fibrils upon incubation with
BPNS-Zn?" system, which were morphologically identical with Zn?"*-
induced AP aggregates under the same condition visualized by trans-
mission electron microscopy (TEM) (Fig. 3B). In contrast, only small
and short species were produced with AP self-aggregation under the
same incubation condition. The more effective aggregation of A with
BPNS-Zn?* or Zn?* than that of free AR monomers was even visible
with the naked eye. A large number of insoluble A} aggregates formed
as flocculent precipitate in the tubes of AB with both BPNS-Zn?* and
Zn2" (Fig. 3C). Overall, the results indicate that the soluble Ap species
can efficiently sequester Zn?>* from BPNS-Zn?>" through coordinative
interactions to trigger Zn?*-induced aggregation, concomitantly indu-
cing the ratiometric fluorescence response of BPNS.

3.3. Optimization of the fluorescence assay

To maximize the detection efficacy, a series of experimental con-
ditions were optimized. Firstly, the concentration of Zn?** may influ-
ence the fluorescence assay due to the pivotal role of Zn>* in the ra-
tiometric recognition. In this regard, the fluorescence response of BPNS
to AP monomers in the presence of 10 and 20 uM concentrations of
Zn2" was measured, respectively. As depicted in Fig. S14, in the case of
10uM Zn>*, the ratios showed better linear relationship with in-
creasing concentration of AP in the range of 0-10 uM. Hence, the Zn>*
concentration of 10 uM was used in the following experiments. Since
the ratiometric response of BPNS depends on the competition between
BPNS and A for chelating Zn®>*, which was monitored in the incuba-
tion process by both fluorescence and absorption spectroscopy (Fig.
S15). The Fsos/F403 ratio rapidly increased in the beginning of in-
cubation until 2h, following with a plateau, indicating the time-de-
pended response of BPNS-Zn?* for the soluble A species, which was
nearly consistent with the result of absorption spectra. Subsequently,
the effect of co-incubation time of BPNS-Zn?* with the soluble AP
species on the detective performances was investigated. Interestingly,
almost the same concentration-depended profiles were observed as the
co-incubation time of 0.5, 1, and 12 h, in which the F5g5/F423 ratios had
good linear correlations with the concentration of AR monomers in the
range of 0-10 pM. On the contrary, the sample without co-incubation
scarcely showed the linear relationship (Fig. S16). The results indicate
that 0.5 h of co-incubation was sufficient for the quantitative detection
and thus was set as the co-incubation time in the assay.

On the basis of the above findings, BPNS fluorescence assay for
quantifying soluble AP species was proposed as shown in Fig. 4. The
mixture of BPNS and Zn>* is prepared as working reagent (WR).

BPNS Zn* WR AP sample Spectrometer

Working reagent
(WR)

6

Fluorescence detection

R=0.998

0 T T T T T T
0 20 40 60 80 100
[AB] (uM)

Fig. 4. Top: Schematic representation of BPNS fluorescence assay to quantita-
tive detection of soluble AB. Bottom: Plot of the F5os/F423 ratio of BPNS (20 pM,
Aex = 332nm) with Zn?* (10 uM) in buffer (20 mM Tris-HCI, 150 mM NacCl,
5%o v/v MeOH, pH 7.4) as a function of A standard concentrations in the
range of 0-100 uM.

Considering the almost identical effect of AR monomers and oligomers
on the fluorescence response of BPNS, a set of diluted AR monomers
solution are selected as standards without pre-incubation. Each stan-
dard in certain volume are added into WR solution, respectively. After
co-incubation for 30 min at 37 °C, the fluorescence intensities of the
mixture at 423 and 505nm are collected. Subsequently, calibration
curve by plotting the Fsos5/F423 ratio for each AP standard against its
concentration is obtained, which can be used to determine the soluble
AP concentration of each unknown sample. As expected, BPNS ex-
hibited excellent linear relationship (R*> = 0.998) between Fsos/F423
ratio and the concentration of AP standards in the range of 0-100 M
(Fig. 4). Thus, 0-100 uM was identified as the optimal working range of
the assay for soluble Af species.
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3.4. Anti-interference capacity of the fluorescence assay

To explore the anti-interference capacity of BPNS fluorescence
assay, lysozyme and MT-I were selected as interfering proteins for
quantitative detection of soluble A in complicated environment. As
shown in Table S1, BPNS fluorescence assay showed convincing ability
to quantify the soluble AP with excellent recoveries and good precision
in the presence of both proteins, even at the high concentration of
0.5mM in the case of MT-I. Besides the endogenous proteins, dithio-
threitol (DTT), a common reducing agent in biological experiments,
was also employed as an exogenous interference to explore the anti-
interference capability of the assay. BCA protein assay was used as the
control. DTT can dramatically disturb the detection of AP in BCA pro-
tein assay even at the concentration of 0.1 mM in Tris buffer (Fig. 5), by
which much higher values of concentration were obtained than the
calculated one (40 uM) based on the concentration of Af stock solution.
On the contrary, the reducing agent had negligible effect on the de-
tection of BPNS fluorescence assay at such high concentration
(0.1 mM). These results verified the strong anti-inference capability of
the assay, warranting its practical applications in biological samples.

3.5. Quantitative detection of soluble A in biological fluids

CSF A levels have already recognized as useful indices to predict
the progress of AD particularly at the early stage of the disease
(Blennow and Zetterberg, 2015). In addition, blood-based Ap bio-
markers have attracted more and more attention to develop cost-ef-
fective and noninvasive diagnosis of AD, owing to the routine blood
collection in clinical practice (O'Bryant et al., 2017). Encouragingly, it
has been experimentally affirmed that plasma AP possess robust cor-
relation with both AR deposition in the brain and levels of AP in CSF,
implying the potential clinical utility of blood-based A} biomarkers
(Nakamura et al., 2018). In our work, to demonstrate the potential of
the proposed assay for practical application, the levels of soluble Af in
artificial CSF (ACSF), serum, and plasma were determined. For this
purpose, AP solutions were initially prepared in the three fluids, re-
spectively. The standard values of A concentration in such biological
fluids can be calculated from the concentrations of stock solution,
which were determined by BCA assay and enzyme-linked im-
munosorbent assay (ELISA), respectively. The detection results were
summarized in Table 1. As anticipated, BPNS fluorescence assay was
able to accurately detect the concentration of soluble AB340 from ACSF,
compared with the standard values obtained from both BCA assay and
ELISA. Unfortunately, it was incompetent to quantify the A in the
serum and plasma, probably due to the strong interference by the
background fluorescence of such complicated fluids. To solve this
problem, pre-dilution of serum and plasma with Tris buffer was carried

Biosensors and Bioelectronics 142 (2019) 111518

Table 1
Determination of soluble AP from ACSF, serum, and plasma by BPNS fluores-
cence assay.

Standard value (55 uM) by Standard value (35uM) by ELISA *

BCA assay °

Found Recovery RSD Found Recovery (%) RSD (%)

(uM) (%) (%) (M)
ACSF 55.8 101.4 4.9 34.9 99.7 2.7
Diluted serum  57.6 104.8 6.2 34.8 99.4 2.8
Diluted plasma 57.7 104.9 4.3 35.6 101.7 2.1

@ The standard values of AP concentration were calibrated by BCA assay and
ELISA, respectively.

out. Accordingly, BPNS fluorescence assay can detect AP with sa-
tisfactory recoveries when serum and plasma were diluted to 1.25% and
1%, respectively (Table 1 and Fig. S17). Considering that dilution prior
to detection is routine operation for blood samples (Wang et al., 2008;
Piliarik et al., 2010), the proposed assay seems available for quantita-
tive detection of soluble Af3 even in the biological fluids.

4. Conclusions

In conclusion, for the first time, we rationally designed a Zn>*-
mediated method for quantitative detection of soluble AP species using
a ratiometric fluorescence probe (BPNS). As a proof of concept, BPNS
gave off ratiometric fluorescence response for AD-associated Zn?>* with
high sensitivity and selectivity, but with weaker binding affinity for
Zn>* than that of soluble AP, making it suitable as a ratiometric
fluorescence probe for soluble AP. Soluble Af} can capture BPNS-bound
Zn>* to recover BPNS fluorescence in ratiometric mode. Based on the
distinctive mechanism of action, BPNS exhibited good selectivity for
soluble AP against the insoluble counterparts as well as the other pro-
teins in the presence of Zn>*. Notably, excellent linear relationship
between the ratiometric fluorescence signal of BPNS and the con-
centration of soluble AP was obtained, indicating the feasibility of BPNS
fluorescence assay for quantifying soluble AB. Using the proposed
assay, quantitative detection of soluble AR can be achieved in the Tris
buffer with some interferences and in biological fluids including ACSF,
diluted serum and plasma in short time. Considering the facile and low-
cost preparation, fast response with high sensitivity, and simple op-
eration, this approach would be potentially used as a tool for early
diagnosis of AD. Although BPNS would be unavailable for determina-
tion of AR in AD samples at picomolar concentrations due to its in-
sufficient detection limit, the promising results of this work warrant
pursuit of optimizations of this approach through structural modifica-
tions of the ratiometric fluorescence probe, that are ongoing in our
group.
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