CHINESE
CHEMICAL
SOCIETY

CCS

PELFES

ORGANIC CHEMISTRY

Open Access Article. Published on 10 March 2023. Downloaded on 6/20/2026 2:01:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

FRONTIERS

RESEARCH ARTICLE

{ M) Check for updates ‘

In vivot
Cite this: Org. Chem. Front., 2023,
10, 1903

View Article Online

View Journal | View Issue

A BODIPY-based probe for amyloid-f imaging

Mingguang Zhu,® Guoyang Zhang,? Ziwei Hu,? Chaofeng Zhu,? Yixiang Chen,?

Tony D. James,

*0€ | jiun Ma*® and Zhuo Wang

*a,b

Alzheimer's disease (AD) is a neurodegenerative disease, and the efficient detection of amyloid-p (Ap)
plaques can greatly enhance diagnosis and therapy. Most reported probes used to detect Ap are based on
the N,N-dimethylamino group. As such, the design of new AB-recognition units facilitates the recognition
of AB. Herein, we present an Ap recognition unit [4-(Boc-amino) benzene] used to develop BocBDP.
BocBDP can recognize and image AB plaques both in vitro and in vivo through the interaction with amino
acid residues Lys16 (K16), Val18 (V18), and Glu22 (E22). The hydrogen bonding interaction (1.9 A) between
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease with
complex pathogenesis that seriously affects human health.
On the basis of the amyloid cascade hypothesis, amyloid-p (Ap)
is formed by the hydrolysis of the amyloid precursor protein
(APP), and the deposition of AP in the brain is responsible for
AD.>? AP has different subtypes, such as soluble monomers,
dimers, oligomers, insoluble protofibrils and fibril plaques.*®
The continuous deposition of AP gradually affects the normal
physiological function of neurons, eventually leading to irre-
versible brain dysfunction.®” Therefore, selective imaging of
AB is helpful for the early diagnosis of AD.

The blood-brain barrier (BBB) is an important protective
barrier for the brain. The BBB is closely connected by brain
capillary endothelial cells (BCECS), pericytes, astrocytes, and
neuronal cells.®® The BBB can protect the brain from damage
caused by harmful substances in the blood and maintain the
stability of the internal environment of the brain. The BBB
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the carbonyl oxygen atom in the Boc unit and the amino acid residue K16 allows BocBDP to bind strongly
to A, resulting in a five-fold fluorescence enhancement and a high affinity (K4 = 67.8 + 3.18 nM). BocBDP
can cross the BBB and image Ap for at least 2 hours. We anticipate that our Ap recognition unit will help
improve the design of probes that specifically recognize Ap.

blocks almost 100% of macromolecules and more than 98% of
organic small molecules entering the brain.'® However, the
protective mechanism poses difficulties for the development
of drugs and probes for treating and imaging the brain.'* Due
to the existence of the BBB, the imaging and diagnosis of Af
in vivo are difficult.

Currently, many diagnostic techniques have been used to
reveal pathologic changes in AD patients, such as single
photon emission computed tomography (SPECT), positron
emission tomography (PET), and magnetic resonance imaging
(MRI)."””* Compared with these methods, fluorescence
imaging has the advantages of high sensitivity, high resolu-
tion, low cost, and non-invasiveness and as such is a promis-
ing method for the diagnosis of AD.**™*

For the detection of Ap plaques, chemical probes with high
selectivity and binding affinity for AP are required. For imaging
AP in vivo, the probes should have a suitable oil-water partition
coefficient (2 < log P < 5) and molecular weight (MW < 500 Da)
to guarantee satisfactory BBB penetration. Therefore, probes
that meet these requirements easily cross the BBB and facili-
tate AP imaging in vivo.>*>® Thioflavin-T (ThT) is the gold stan-
dard probe for imaging AP plaques. ThT has a rotatable single
bond between N,N-dimethylaniline and thiazole quaternary
ammonium salt. As such, ThT is a typical intramolecular
charge transfer (ICT) probe with a molecular rotor structure.
However, the application of ThT in vivo has been hindered
because of restricted BBB penetration and a short emission
wavelength.>” To date, most reported probes for the detection
of AP plaques are based on a donor-n-acceptor structure. The
N,N-dimethylamino group is a typical electron-donating group,
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Fig. 1 (a) Previously reported probes for the detection of A aggre-
gates. (b) Probe BocBDP with a binding unit suitable for penetrating the
BBB and imaging A in vivo.

which can interact with the hydrophobic cavities of Ap aggre-
gates and can be used to recognize Af (Fig. la and
Table $17).>*° Although many AB probes have been reported
to date, improved binding units for imaging Ap selectively are
still required. Herein, we developed a probe BocBDP to recog-
nize and image A both in vitro and in vivo. BocBDP consists of
a tert-butoxycarbonyl (Boc) modified aniline unit and a
BODIPY unit, which are conjugated by a rn-bridge (Fig. 1b). The
Boc-modified aniline unit serves as both an electron-donating
group and an AP recognition unit, while the BODIPY unit
serves as the fluorophore. The new probe has a high affinity
(Kq = 67.8 + 3.18 nM) for Af and the ability to cross the BBB to
image Ap in vivo (Fig. 1b).

Results and discussion
Design, theoretical calculations, and synthesis of the probe

The free rotation of the N,N-dimethylamino group facilitates
changes in the fluorescence spectra or emission intensity,
when the probe binds to the amino acid residues in hydro-
phobic cavities.*’*> Since no hydrogen bond forms between
the N,N-dimethylamino group and these amino acid residues,
the probe is only weakly bound to AP and is rapidly metab-
olized. Hydrogen bonding can result in stronger binding of the
probe to AP. As such, the introduction of hydrogen bonding
sites into probes can enhance the binding with Ap and facili-
tate extended imaging. However, the introduction of hydrogen
bonds to enhance protein-probe interactions often results in
no net increase of binding affinity (K4).**° Nevertheless,
hydrogen bonding plays a significant role in the recognition of
biological molecules.*® Specifically, the intermolecular hydro-
gen bonding between proteins and organic ligands involves N,
O, S and halogen atoms. The hydrogen bond length of NH::-O
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(3.04 A) is shorter than that of NH---N (3.10 A).>” Therefore,
the introduction of an oxygen atom can reduce the distance
between the probe and the protein, thus enhancing the hydro-
gen bonding interactions. BAP-1 is a molecular rotor based
fluorescent probe. The free rotation of the N,N-dimethylamino
group of BAP-1 can induce non-radiative transitions between
the HOMO and LUMO, resulting in low fluorescence intensity.
However, the introduction of oxygen atoms can affect the free
rotation of the amino group, which may increase the fluo-
rescence intensity of the probes. So, the introduction of an
additional freely rotating group such as the tert-butyl group is
required to balance the enhanced hydrogen bonding and
ensure that the fluorescence intensity remains low. tert-
Butoxycarbonyl (Boc) has two oxygen atoms and the tert-butyl
group of Boc can also rotate freely (Fig. 1b). Conjugation of the
carbonyl with the oxygen of the Boc group makes the carbonyl
oxygen atom more negatively charged, facilitating the inter-
action of the oxygen lone pair electrons with the NH residues
through hydrogen bonding. Therefore, with this research, the
Boc group was introduced to develop a probe we called BocBDP
for sensing AP instead of the N,N-dimethylamino group.
BocBDP was linked by Boc-modified aniline [4-(Boc-amino)
benzene] to a BODIPY core using a double bond (Fig. 1b).
BocBDP is structurally composed of an electron-donating
group 4-(Boc-amino) benzene and an electron-withdrawing
group BODIPY. The two groups are conjugated and connected
by a n-bridge. The donor-acceptor architecture allows BocBDP
to exhibit ICT properties. To predict whether BocBDP exhibits
an ICT effect, Gaussian calculations were performed using
density functional theory (DFT) methods using B3LYP/6-
311+(d,p). As shown in Fig. 2a, the electron cloud in the
highest occupied molecular orbital (HOMO) was distributed
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Fig. 2 Theoretical calculations and molecular docking results. (a) The
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of BocBDP. (b) The surface electrostatic
potential of BocBDP. (c) The docking results of BAP-1 and BocBDP. (I)
The global view of molecular docking. (ll) Licorice form of the molecule
in the ABi_4> aggregate model. (lll) The average distance between the
probe and the amino acid residues of the pocket. (IV) Molecular surface
form of the molecule in the AB;_4, aggregate model.
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along the conjugate unit of BocBDP. The electron cloud in the
lowest unoccupied molecular orbital (LUMO) was mainly dis-
tributed on the BODIPY backbone. The obtained electron dis-
tribution was redistributed from 4-(Boc-amino) benzene in the
HOMO to the BODIPY backbone in the LUMO. The energy gap
(AE) of BocBDP was 2.44 eV (Fig. 2a). The change of the elec-
tron cloud and the small AE value confirms the presence of
ICT. The surface electrostatic potential of BocBDP and the dis-
tribution area were calculated using Multiwfn software.*® The
negative potential of BocBDP was mainly distributed on
BODIPY, while the three methyl groups of Boc exhibited posi-
tive potential (Fig. 2b and Fig. S1%). The results indicated that
the ester group in the Boc unit and the fluorine atom in
BODIPY were electron-withdrawing groups. The introduction
of the Boc unit reduced the electron-donating ability of the
amino group, thus weakening the ICT effect of BocBDP. As
such, the flow of the electron cloud from the HOMO to LUMO
was not so significant (Fig. 2a), which causes a reduced ICT
effect and a small Stokes shift.

To predict the interaction between BocBDP and AP;_4
aggregates, we performed molecular docking studies. 5KK3 is
one of the popular Af,_,, aggregate protein models.?® The
fibril core of 5KK3 consists of a dimer of AB; 4, molecules.
Each molecule contains four f-strands in an S-shaped amyloid
fold. 5KK3 is arranged to generate two hydrophobic cores that
are capped at the end of the chain by a salt bridge. The outer
surface of 5KK3 presents hydrophilic side chains to the
solvent. 5KK3 provided a sufficient p-sheet structure to predict
the interaction between BocBDP and AP, 4, aggregates.
Docking calculations were processed using Autodock Tools
1.5.6, PyMOL, and Python software. The docking results were
analysed using PyMOL software. Amino acid residues 16-21
(KLVFFA) are highly hydrophobic and constitute the hydro-
phobic region of the AP;_4, aggregates. The peptide fragment
APi6-21 (KLVFFA) is widely accepted as the core structure of
ABy_4, aggregates.’® So, these amino acid residues provide
hydrophobic pockets that enable interaction between BocBDP
and AP,_,, aggregates. As shown in Fig. 2c-I, BAP-1 and
BocBDP interact with the same amino residues Lys16 (K16),
val18 (V18), and Glu22 (E22), but they insert into the hydro-
phobic pockets of A in different directions. BocBDP exhibits a
hydrogen bond (1.9 A) between the carbonyl oxygen atom of
the Boc unit and the amino acid residue K16. While no hydro-
gen bond was found for BAP-1 (Fig. 2c-II). The depth that
BocBDP and BAP-1 insert into the hydrophobic pockets was
also different. The average distance between BocBDP and the
amino acid residues was 4.3 A, while that between BAP-1 and
the amino acid residues was 3.8 A (Fig. 2¢-I11). Typically, Ky is
related to how deeply the probe inserts into the pocket of the
protein. Ky is reduced when the probe is deeply inserted into
the pocket. Therefore, the K4 of BocBDP was larger than that
of BAP-1 because the depth that BocBDP enters the pocket was
less than that for BAP-1. The docking results illustrate that
BocBDP exhibits good potential to interact with Af,;_,, aggre-
gates, so we synthesized BocBDP and evaluated its ability for
the recognition of AB;_4, in vivo.

This journal is © the Partner Organisations 2023
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The synthetic route to BocBDP is shown in Schemes S1 and
S2.1 The key step in the formation of the BODIPY backbone
(compound 3) was the condensation of 3,5-dimethylpyrrole-2-
carbaldehyde (compound 1) and 2,4-dimethylpyrrole (com-
pound 2) at low temperatures, followed by the addition of tri-
ethylamine (Et;N) and boron trifluoride diethyl etherate
(BF3-Et,0). BocBDP was successfully prepared by the conden-
sation of BODIPY and 4-(Boc-amino) benzaldehyde in the pres-
ence of piperidine and acetic acid, with a yield of 15%. The
molecular structures were characterized by nuclear magnetic
resonance (NMR) and high-resolution mass spectrometry
(HRMS). The detailed data are given in the ESI (Fig. S5-S87).

Optical properties of BocBDP and its response to Af

The optical properties of BocBDP were evaluated in five sol-
vents with different polarities. As shown in Fig. 3a, BocBDP
exhibited one strong absorbance band at around 570 nm. With
the increase of solvent polarity, the maximum absorption
wavelength changed slightly (~14 nm). As shown in Fig. 3b,
the fluorescence spectra exhibited a sharp spectral band from
570 to 700 nm. With the increase of solvent polarity, the
maximum emission wavelength redshifted slightly (~12 nm).
The Stokes shift was 14 nm in DMSO (Table S27), which con-
firmed the results from the calculations that BocBDP exhibits
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Fig. 3 (a) The normalized absorption spectra of BocBDP (1 uM) in
different solvents. (b) The normalized fluorescence spectra of BocBDP
(1 pM) in different solvents. (lex = 550 nm). (c) The viscosity response
characteristics of BocBDP. (d) Fluorescence response of BocBDP (1 uM
in PBS) to Ap;_42 aggregates (20 ug mL~* in PBS, final concentration) and
BSA (10 pg mL™, final concentration). (e) Saturated binding assay (Kq4) of
BocBDP to AB;_4, aggregates. (f) Interference assays (em = 600 nm) for
BocBDP (1 pM) and various potential interferents (20 uM). 1-16 refers to
Na*, K*, Ca®*, Co?*, Cu?*, Zn?*, Mg?*, Fe?*, Fe**, A®*, Cys, Phe, Val,
GSH, Leu, and AB;_4, aggregates, respectively.
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a weak ICT effect. The fluorescence intensity of the probe is
enhanced when the motion of the probe is restricted."!
Therefore, we evaluated the response of BocBDP to viscosity.
The fluorescence intensity of BocBDP was weak in 20% 1,2-
propanediol/water (v/v). The fluorescence intensity started to
increase in 30% 1,2-propanediol/water (v/v), and increased sig-
nificantly at 40%, and approached a maximum value at about
70% (Fig. 3c). These results indicated that BocBDP was sensi-
tive to viscosity, and the fluorescence intensity of BocBDP was
enhanced when bound with AB,_,, aggregates. In the following
experiments, we prepared AP, 4, aggregates and evaluated the
interaction between BocBDP and A, 4, aggregates. The AB;_4,
aggregates formed were characterized using a transmission
electron microscope (TEM). It was observed that the mor-
phology of AB;_4, aggregates was filamentous, indicating that
the AB,_,, aggregates were prepared successfully (Fig. S2t). In
Fig. 3d, a five-fold enhancement of fluorescence was observed
when BocBDP interacted with AB,_,, aggregates. In addition, a
9 nm red-shift was observed when BocBDP interacts with
APB,_4, aggregates. These results confirmed that BocBDP was
inserted into the hydrophobic pocket of the Ap;_4, aggregates,
and the molecular motion of BocBDP was restricted, resulting
in an enhanced fluorescence output. Differences in the micro-
environment of the hydrophobic pocket cause a red-shifted
emission wavelength. The experimental results were consistent
with the docking results (Fig. 2c and d). Human serum
albumin (HSA) is a major component of blood and is widely
distributed in the human body. Bovine serum albumin (BSA)
is commonly used as an inexpensive analogue of HSA due to
their structural similarity.*> BSA may cause non-specific fluo-
rescence enhancement of the probe. Therefore, the interaction
between BocBDP and BSA was evaluated. When BocBDP inter-
acts with BSA, a slight enhancement was observed, indicating

ThT
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weak non-specific binding (Fig. 3b). The fluorescence response
of BocBDP to different interferences was also evaluated. As
shown in Fig. 3f, except for Ap;_,, aggregates, the fluorescence
intensity was not obviously changed. The results illustrated
that BocBDP exhibited good selectivity for AB;_,, aggregates.
To quantify the binding affinity (Ky), fluorescence-based satur-
ation binding assays were conducted. A lower K4 value means
a higher affinity. In Fig. 3e and Table S1,T the K4 of BocBDP to
AB,_4, aggregates was 67.8 + 3.18 nM, which was smaller than
those of ThT (Kq = 890 nM), IRI-1 (K4 = 374 nM), RM-28 (Kq =
175.69 nM), and DCIP-1 (K4 = 674.3 nM). The Ky of BocBDP
was larger than that of BAP-1(Ky = 44.1 nM), which was consist-
ent with the docking results (Fig. 2c). Although the K4 of
BocBDP was larger than that of BAP-1, the K4 value of BocBDP
was suitable for practical applications. Meanwhile, we con-
ducted a photostability experiment to determine the stability
of BocBDP under light excitation. The fluorescence intensity of
BocBDP hardly changed after 300 s (Fig. S37).

In vitro fluorescence staining

To confirm the binding of BocBDP to Af;_,, aggregates, fluo-
rescence staining experiments were performed in a solution of
APB,_4, aggregates and the brain slices of AD mice (APP/PS1,
10 months old, female). Pre-prepared Af;_,, aggregate solution
was placed on glass slides and incubated with BocBDP and
ThT. AB,-4, aggregates exhibited plaque-like structures under a
confocal laser scanning microscope (CLSM). ThT highlighted
AP,_4, aggregates in green, and BocBDP highlighted Af;_4,
aggregates in red (Fig. 4a and c). The plaque-like structures
stained with BocBDP merged well with that of ThT (Fig. 4b
and d). The staining results of brain slices of the AD mice cor-
related well with the AP, ,, aggregates in solution. BocBDP
exhibited a high signal-to-noise ratio for staining Ap plaques
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(a) Images of the Ap;_4» aggregate solution stained with (I) ThT (1ex = 488 nm) and (ll) BocBDP (ley = 543 nm), (lll) bright-field image, and (IV)

merged figures. (c) The enlarged view of the box in figure a. (e) Images of the brain slices stained with () ThT (lex = 488 nm) and (ll) BocBDP (ley =
543 nm), (Ill) bright-field image, and (IV) merged figures. (b, d and f) The intensity profile of linear ROI.
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and merged well with those stained with ThT (Fig. 4e). The
stained plaques exhibited excellent colocalization with the
commercial Af probe ThT, suggesting that BocBDP was able to
specifically stain AP plaques in the AD mice brain tissue
(Fig. 4f).

Biocompatibility

Inspired by the fluorescence staining results, the biocompat-
ibility of BocBDP was evaluated with PC12 cells. The cyto-
toxicity of BocBDP was evaluated by using a standard MTT
assay and the results indicated that BocBDP had no significant
cytotoxicity, even when the concentration was up to 20 uM
(Fig. 5a). The hemolysis rate (HR) was evaluated and it was
found that the HR of BocBDP was low (Fig. 5b). These results
confirmed that BocBDP exhibits good biocompatibility and
was suitable for in vivo applications.

In vivo fluorescence imaging

The BBB is an important factor that needs to be considered for
in vivo imaging. Generally, probes with log P between 2 and 5
and MW less than 500 Da cross the BBB and facilitate imaging
in vivo.?” The log P of BocBDP was calculated as 3.74 and the
MW was less than 500 Da (Table S17). Therefore, BocBDP has
the possibility to cross the BBB. To verify whether BocBDP
could cross the BBB, BocBDP was injected intravenously into a
wild-type (WT) mouse and the fluorescence of the isolated
brain was recorded. As shown in Fig. S4, BocBDP crossed the
BBB successfully and a bright red fluorescence signal was
observed. APP/PS1 mice are a common animal model to gene-
rate AP in the brain."® We used an 18-month-old AD mouse
(APP/PS1) and age-matched WT mouse for the following
experiments. After intravenous injection of BocBDP (0.15 mg
kg™), the fluorescence signals in the mouse brain were cap-
tured. As shown in Fig. 6a, both the WT mouse and APP/
PS1 mouse exhibited higher fluorescence signals than the
control group. The fluorescence intensities of the two types of
mice increased gradually up until 60 minutes. Significantly,
the signals in the brain region could be recorded continuously
for more than 2 hours. We attributed the long imaging time to
the hydrogen bonding interactions between Boc and amino
acid residue K16. The hydrogen bonds of BocBDP seem to
result in a longer metabolic processing time than for BAP-1.
Notably, the fluorescence intensity in the brain regions of the
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Fig. 5 Biocompatibility of BocBDP. (a) Cytotoxicity of BocBDP toward
PC12 cells. (b) Hemolysis image and hemolysis rate of BocBDP with
various concentrations. PBS and water were evaluated as controls.
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Fig. 6 In vivo fluorescence imaging in the brain region of the WT
(C57BL/6J) mouse and APP/PS1 (C57BL/6J) mouse at different time
points after intravenous injection of BocBDP (0.15 mg kg™t in 20% 1,2-
propanediol and 80% PBS). (a) The fluorescence signals of BocBDP
between the WT mouse (top figure) and transgenic (Tg) mouse (bottom
figure) at various time points. Preinj is before injection. (b) The relative
fluorescence signal [(p s™* cm=2 sr™)/(uW cm~2)] in the brain regions of
the WT mouse and T4 mouse at various time points.

APP/PS1 mouse was stable and constantly higher than the
highest values observed for WT mice (Fig. 6b). The fluo-
rescence intensity of the APP/PS1 mouse (at 60 minutes) was
about 2 times higher than that of the WT mouse. BocBDP
could specifically bind with A plaques in vivo. The higher
fluorescence signal in the APP/PS1 mouse was attributed to
the strong interaction between BocBDP and Af plaques.
Moreover, BocBDP could image AP plaques for at least 2 hours,
which was longer than most previously reported probes.>® 4™

Conclusions

In this research, we developed a new probe BocBDP for detect-
ing and imaging AP plaques. BocBDP consists of a AB reco-
gnition unit [4-(Boc-amino) benzene] and a BODIPY fluoro-
phore. BocBDP interacts with amino acid residues Lys16 (K16),
Val18 (V18), and Glu22 (E22). The hydrogen bonding inter-
action between the carbonyl oxygen atom in the Boc unit and
Lys16 contributed to the strong binding with Ap and stable
imaging for an extended period of time. BocBDP exhibited a
five-fold fluorescence enhancement and a high affinity for
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AP,_4, aggregates (Kg = 67.8 = 3.18 nM). The enhanced fluo-
rescence was the result of the insertion of BocBDP into the
hydrophobic cavity of the Af,_,, aggregates, restricting the
motion of BocBDP and enhancing the fluorescence. The high
affinity enabled BocBDP to image brain slices and A solutions
with a high signal-to-noise ratio. BocBDP has satisfactory log P
and MW which enables BocBDP to cross the BBB, enabling the
imaging of Ap plaques in AD mice for up to 2 hours. We antici-
pate that our AP binding unit will facilitate the design and
development of improved probes for Ap imaging.
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