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Abstract

To date, most optical materials are derived from petrochemicals, facing problems like
renewability, sustainability, and biocompatibility. Fluorescent materials derived from
natural products with unique structures, stimuli-responsive photophysical properties,
and superior compatibility are of extraordinary significance for biomedical applications.
In this work, a nature-inspired electron acceptor with a steroid-like structure (DABT)
has been constructed based on the tricyclic diterpene skeleton of natural rosin. Through
substitution with variable electron donors, red-shifted and twisted intramolecular
charge transfer can be realized. In particular, the dimethyl amino substituted compound,
DABT-DMA, can be applied as a polarity-dependent bio-sensor with a dual
responsiveness of distinct fluorescence wavelength and lifetime due to its outstanding
solvent effect. In addition to the advantageous biocompatibility and steroid-like
structure of DABT-DMA, successful lipid droplet-targeted imaging at dual channels
can be achieved. Further investigations prove that dysfunction of lipid droplets induced
by Af protein can result in the accumulation of cholesterol analogs, further
exacerbating the pathological features of Alzheimer’s disease. This work not only
proposes a novel natural electron acceptor with a steroid-like structure possessing both
biocompatibility and targeting capability but also offers new insights into Alzheimer’s
disease-related pathophysiological mechanisms, paving the way toward potential

diagnostics.

Introduction

Nature is a huge treasure trove, and the natural products it creates have attracted
widespread attention due to their remarkable pharmacological properties'. Many
natural products exhibit multiple pharmacological effects, nevertheless, their specific
action modes are often unclear, delaying the development of natural medicines®.
Fluorescence technology helps to trace the physiological processes of natural medicines
in treatment, thus broadening the application prospects in theranostics®’. The earliest
natural luminescent material escribed has been considered to be a blue fluorescent

secretion from a Mexican wood discovered by Nicolas Monardes in the 16th century®
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%. Over the past five centuries, researchers have gradually paid more interest in natural
luminescent products!®-!®. Recently, the exploration of natural fluorescent materials has
been accelerated. Due to the many unique natural scaffolds (aromatic rings,
heteroatoms, and flexible twisted structures, etc.), natural products such as berberine!”,
quercetin'®, tanshinone I1A'°, and coumarin®® have been found to exhibit aggregation-
induced emission (AIE) properties, showing great potential for biomedical applications
such as bioimaging and photodynamic therapy. However, the limited variety of AIE
materials either extracted from biomass or possessing natural skeletons (BioAlE) as
well as the low content of some natural fluorescent products make the development of
BioAIE materials rather challenging. Based on our previous experiences, chemical
construction of BioAIE materials containing unique natural scaffolds with excellent
biocompatibility and renewability is a reasonable strategy and will hold great promise
in the biomedical field*!22.

Rosin, extracted from natural pine resin, is an abundantly renewable resource that
contains unique structures based on benzene rings, alicyclic rings, and oxygen atoms.
Rosin and its derivatives exhibit good biocompatibility and hold great potential for
various biological applications***®. The tricyclic diterpene rosin scaffold can be easily
applied to construct tetracyclic steroid analogs. Steroids constitute a distinctive but
significant class of lipids in humans, performing a variety of physiological functions.
As a key member of steroids, cholesterol is one of the essential lipids for the human
body. Due to its structural distinctions compared to other lipids such as fatty acids,
phospholipids, and glycolipids, cholesterol is relatively non-polar and therefore
hydrophobic, mainly stored in lipid droplets (LDs)*’-*. However, elevated cholesterol
levels are closely related to pathological conditions such as cardiovascular disease and
neurodegenerative diseases’*32. At present, Alzheimer’s disease (AD), the most
common neurodegenerative disease among older people, is threatening the health of an

increasingly large elderly population worldwide®*

. Clinical investigations and
epidemiological studies have shown that in addition to amyloid-f plaques in the brain,
abnormal lipid metabolism also poses a significant impact on the onset of AD*¢-38, Lipid

metabolism abnormalities are usually reflected in changes in the number, size,
3
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distribution, and polarity of LDs***!. While the number, size, and distribution of LDs
can be assessed through morphological studies, the detection of the lipid evolution in
LDs has not been disclosed so far. Therefore, monitoring the lipid polarity in LDs is of
high significance for the clinical diagnosis and treatment of AD.

Fluorescent probes with polarity-sensitive characteristics are typically structured in
the form of electron donor-acceptor (D-A) pairs*?. The regulation of D/A moieties has
a significant impact on improving the performance of D-A-typed fluorescent materials.
Due to its diversity and ease of modification, the regulation of electron donors has
become the dominant design strategy for constructing D-A-typed fluorescent
molecules***. In comparison, the variety of electron acceptors is relatively limited,
mainly concentrated on naphthalimide®, imidazole*¢, and benzothiadiazole*”*¥, all of
which are derived from fossil fuels. Investigation on the natural electron acceptors,
however, are rare??. If the electron acceptors could be designed based on the natural
skeletons, significant innovations in the development of new D-A-typed fluorescent
probes might be possible. In short, the development of natural D-A-typed BioAIE
probes with polarity sensitivity coupled with excellent biocompatibility is of great
significance for achieving dynamic monitoring of lipid metabolism during AD.

Analogous to the tetracyclic structure of cholesterol, a novel natural electron acceptor,
dehydroabietic acid-thiazole (DABT), has been designed, derived from the natural
tricyclic product of dehydroabietic acid (Figure 1). Further, a series of D-A-typed
BioAIE materials based on DABT with variable electron donors (Cz, TPA, and DMA)
has been synthesized, exhibiting high sensitivity to the environmental polarity due to
the twisted intramolecular charge transfer (TICT) property. Benefiting from its steroid
structure and advantageous biocompatibility, DABT-DMA can specifically target LDs.
With both bi-channel fluorescence imaging and fluorescence lifetime imaging
microscopy (FLIM), it has been found that the polarity of LDs decreases during the AD
process. Further investigation suggests that the increased content of cholesterol analogs
induced by AP protein in LDs may contribute to the observed polarity decrease. This
study has not only developed a novel natural electron acceptor but also provides a new

bio-based probe for visualizing lipid evolution in LDs during the AD process, offering
4
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fresh insights into potential AD-related pathophysiological mechanisms.
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Figure 1. Molecular design of rosin-derived D-A typed polarity-dependent probe in

monitoring lipid evolution in LDs during AD.

Results and Discussion
Molecular design

The exploration of novel electron acceptors is of great significance for the
construction of D-A-typed molecules. Natural electron acceptors derived from natural
products may endow the obtained materials with unique photophysical properties and
advantageous biocompatibility. The natural product dehydroabietic acid, extracted from
dis-proportionated rosin, can be chemically modified into the precursor DAMBDA®,
which can be converted from the tricyclic structure into a steroid analog, i.e., rosin-
based natural electron acceptor DABT, through a cyclization reaction. Due to the
presence of Br substituents in the intermediate DABT, various electron donors can be
introduced through C-C and C-N coupling. Carbazole (Cz), triphenylamine (TPA), and
N,N-dimethylamino (DMA) are three typical electron donors with varying degrees of
electron-donating ability, which can be used for the construction of D-A molecules of
DABT-Cz, DABT-TPA, and DABT-DMA (Scheme 1), achieving regulated
photophysical properties. The structures and purities of the obtained products have been

confirmed by NMR, HRMS, and single-crystal X-ray diffraction measurements
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(Figures S1-S9 and Table S1, Supporting Information).
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Scheme 1. Synthesis of DABT-Cz, DABT-TPA, and DABT-DMA.

Photophysical properties in the molecular, aggregate, and solid states

The photophysical properties of the above-mentioned natural electron acceptor-
based molecules have been studied first. Figure 2a intuitively shows the fluorescence
variation of the three molecules in the tetrahydrofuran (THF)/H20 mixed system with
different water factions (fw). In dilute solutions (f = 0%), DABT-Cz, DABT-TPA, and
DABT-DMA exhibit a red-shifted trend of fluorescence with green, orange, and red
colors, respectively. When fi increases, each sample initially red-shifts and then blue-
shifts, while the fluorescence intensity first decreases and then increases, apparently
exhibiting TICT and AIE characteristics. Through absorption and photoluminescence
(PL) spectra (Figure 2b), it has been found that the absorption peak of DABT-series
molecules red-shifts from 373 (DABT-Cz) to 424 (DABT-DMA) nm, and the
corresponding emission has accordingly red-shifts from 505 nm to 607 nm. This is
consistent with the increased electron-donating ability from Cz to DMA. The spectral
data with different fi in Figures 2c-e and S10 show corresponding trends for the DABT-
series compounds depicted in Figure 2a. At low fw, due to the increase in solvent polarity,
the molecular conformation is distorted to stabilize the separated charge, hence leading
to a red-shifted and weakened emission, exhibiting a TICT effect in the isolated state’’.
As fw increases, the formation of molecular aggregates leads to a decrease in

environmental polarity, resulting in a blue-shift in the emission. The restriction of
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intramolecular motion in the aggregate state turns on the fluorescence, leading to the
AIE characteristics®. The TICT-AIE performance of these molecules demonstrates the
feasibility of constructing D-A-typed BioAIE materials using DABT as a natural
electron acceptor and the luminescence performance can be regulated by adjusting the

donating ability of electron donors.
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Figure 2. (a) Fluorescence photographs of DABT-Cz, DABT-TPA, and DABT-DMA
in THF/H20 mixtures with different water fractions (fw) taken under 365 nm UV
irradiation. (b) Normalized absorption and PL spectra of DABT-Cz, DABT-TPA, and
DABT-DMA in pure THF solutions. (¢) PL spectra of DABT-DMA in THF/H.0
mixtures with different fw. (d-e) The plots of the (d) aair and (€) emission maximum
versus fw of DABT-Cz, DABT-TPA, and DABT-DMA. aaie = I/Io, Io = PL intensity in
pure THF solution. Concentration: 10 uM; DABT-Cz: Aex = 373 nm; DABT-Cz: Aex =
411 nm; DABT-DMA: Aex = 424 nm.

Based on the TICT-AIE characteristics of the DABT-series molecules mentioned
above, we have further investigated the solid-state photophysical properties of these
molecules. Similar to both the solution and aggregate states, with the enhancement of

electron-donating properties, the emission of solid-state DABT-Cz, DABT-TPA, and
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DABT-DMA also exhibits a red-shifted trend from 479 to 571 nm (Figures S11 and
S12), indicating that the molecular structure can simultaneously affect the
photophysical properties of the solids. Interestingly, DABT-DMA exhibits the highest
quantum yield (QY) of 54.5% compared to that of DABT-Cz (18.9%) and DABT-TPA
(13.4%). This result contradicts the energy gap law, which suggests that compounds
with larger energy gaps to redder emission typically exhibit weaker fluorescence®® >,
This may be attributed to the important role played by its aggregate structure of packing.
In order to investigate the underlying reasons, single crystals of DABT-TPA and DABT-
DMA have been obtained and the crystal-structure analysis has been implemented using
single-crystal X-ray diffraction (Figure S12c). The collection and summary of crystal
data and specific parameters are presented in Table S1. Regarding the conformation, it
can be seen that both DABT-TPA and DABT-DMA have large twisted conformations.
DABT-DMA has a larger twist angle (6= 48.62°) than that of DABT-TPA (6= 28.78°),
which may lead to larger intramolecular charge separation and result in a red-shift in
the fluorescence. From the perspective of aggregate structure, DABT-DMA shows
stronger intermolecular interactions, providing a rigid environment to inhibit molecular
motion, thus suppressing the non-radiative transitions to result in larger QY (Figure
S12c). These results indicate that the molecular conformation is more inclined to
determine the emission wavelength, while aggregation structures can regulate
intermolecular forces, thereby affecting emission intensity. In summary, the combined
effect of molecular and aggregate structures synchronically regulates the photophysical

properties of fluorescent solids based on the natural electron acceptor skeleton.

Polarity responsiveness of fluorescence wavelength and lifetime

Due to the D-A structure of the DABT-series compounds, the photophysical
properties in different organic solvents have been investigated to explore the polarity
responsiveness. As shown in Figure 3a-d, it can be visually observed that with
increasing of solvent polarity, all molecules exhibit a trend of reduced fluorescence
intensity with a red shift in the emission wavelength. The maximum emission

wavelength of DABT-Cz red-shifts from 466 (cyclohexane, Cy) to 555 (dimethyl
8
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sulfoxide, DMSO) nm, with a redshift of 89 nm. Both DABT-TPA and DABT-DMA
undergo a redshift of 108 and 152 nm, respectively. The maximum emission
wavelengths of DABT-Cz, DABT-TPA, and DABT-DMA show a good linear
relationship with solvent polarity (Figure 3e), with linear correlation coefficients of
0.99, 0.99, and 0.97, and slopes of 6.51, 7.71, and 10.81, respectively. The Lippert
Mataga plot also illustrates solvent effects (Table S2 and Figure S13), with slopes of
11.73, 11.90, and 13.43, respectively. The maximum slopes of DABT-DMA (10.81 of
linear correlation coefficient and 13.43 of the Lippert Mataga plot) indicate that its
solvent effect is the strongest, suggesting its largest conformational change in different
polar solvents. The reason for the distinctions may be that DMA has the strongest
electron-donating ability and is more sensitive to changes in the dipole moment,
promoting the strongest solvent effect therein. To further investigate the polarity
response of DABT-DMA to variable solvents, its fluorescence lifetime in different
solvents has been examined. As the polarity increases, the fluorescence lifetime shows
an overall decreasing trend, specifically from 10.8 ns in Cy to 1.9 ns in DMSO (Figure
3f). The significant changes in the emission wavelength, as well as the fluorescence
lifetime of DABT-DMA in variable polar environments, indicate their potential as

fluorescent probes for monitoring polarity changes in biological microenvironments.
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Figure 3. (a) Fluorescence photographs of DABT-Cz, DABT-TPA, and DABT-DMA
in solvents with different polarities taken under a 365 nm UV irradiation. (b-d)
Normalized PL spectra of DABT-Cz (b), DABT-TPA (c), and DABT-DMA (d) in
different organic solvents. The absorption maximum of each solution was chosen as its
excitation wavelength. Concentration: 10 uM. A represents the wavelength in DMSO
minus the wavelength in Cy. (e) The linear relationship between the maximum emission
wavelength and the solvent’s polarity of DABT-Cz, DABT-TPA, and DABT-DMA. (f)
PL decay curves and lifetimes (t) of DABT-DMA in different organic solvents.

Concentration: 10 uM.

Lipid droplets-targeted imaging

The polarity-dependent properties of the DABT-series molecules enable them to
serve as probes for monitoring polarity changes in organelles. To ensure the potential
application in Dbiological imaging, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) assay has been used to evaluate the cytotoxicity in different
cells. Compared to DABT-Cz and DABT-TPA, DABT-DMA exhibits the lowest
cytotoxicity with the SH-SYS5Y cell survival rate still over 95% even at a concentration
up to 50 uM (Figures 4a and S14). More significantly, the cell viability comparison
between DABT-DMA and its control molecule BT-DMA without the natural alicycle
skeleton undoubtedly confirms the superior biocompatibility of DABT-DMA over the
“non-natural” control compound (Figure 4a). Similar results have been observed in
HFL1 cells, re-confirming the outstanding biocompatible of DABT-DMA (Figure S15).
The above MTT data demonstrate the best biocompatibility of the nature-inspired
DABT-DMA to be applied in biological experiments. Additionally, the subcellular co-
localization of DABT-DMA co-incubated with commercial dyes of Lipidtox Deep Red
(LIPDR), LysoTracker® Deep Red FM (LTDR), and MitoTracker® Green FM (MTQ)
in cell imaging has been studied. As shown in Figure 4b, Pearson’s correlation
coefficient (R%) of 0.91 for the co-localization of DABT-DMA with LIPDR indicates
that DABT-DMA can specifically target LDs. In contrast, the ability of DABT-DMA to

target lysosomes and mitochondria is relatively weak, with R? of 0.74 and 0.58,
10
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respectively. Furthermore, both DABT-Cz and DABT-TPA have been applied in LDs
co-localization with respective R’ of 0.75 and 0.61 (Figure S16), again proving the best
LDs imaging capability of DABT-DMA. The above-mentioned cell imaging results
indicate that DABT-DMA in the DABT-series molecules exhibits the most promising

LDs imaging capability due to its lowest cytotoxicity and best targeting ability.
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Imaging of the lipid evolution during Alzheimer’s disease associated with
neurodegenerative processes

D3¢ yet probes to detect polarity and

Lipid metabolism is closely related to A
composition change of lipids in LDs during AD have not been reported. Given the
excellent polarity dependence and biocompatibility of DABT-DMA in LDs imaging, a
confocal laser scanning microscopy imaging of LIPDR and DABT-DMA has been

carried out (Figure 5). The brightfield channel indicates the continuous morphological
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change of SH-SYS5Y cells during the amyloid-f3 induced AD process of 24 days. LIPDR
channel records the distribution of LDs during the AD process. Given the polarity-
responsive emission of DABT-DMA, the red and blue channels at 610 and 550 nm can
be assigned for the high polar and low polar substances, respectively (vide supra).
Hence, DABT-DMA can be utilized to monitor the polarity changes in LDs during the
AD process. During this process, the imaging intensity of the red channel remains
almost unchanged, suggesting that no significant change in the high polar components
inside the LDs can be observed. In contrast, the increasing fluorescence intensity in the
blue channel indicates the gradual generation and accumulation of low polar
components within LDs. It is inspiring that the overlay of the LIPDR and the DABT-
DMA (550 nm) channels changes during the AD process from a major green doped
with little cyan fluorescence to a main cyan doped with scare blue emission. This
complex and substantial change indicates that the newly generated low polar
component is indeed produced within the LDs, which can be confirmed by the co-
localization of DABT-DMA (550 nm) and LIPDR to generate cyan fluorescence.
However, prolonged AD treatment can lead to the release of a portion of substances
with low polarity from LDs to the cytoplasm, hence exhibiting blue fluorescence in the
overlay. This may be related to changes in permeability caused by the LD damage’’-%,
Moreover, the polarity response of DABT-DMA is accompanied by changes in
fluorescence lifetime in addition to wavelength variation. Therefore, FLIM has been
used to monitor changes in the LD polarity (Figure 5). The experimental results show
that the average fluorescence lifetime increases from 3.5 to 5.8 ns, indicating a
continuous increase of low polar lipids during AD (vide supra), which is consistent with
the co-localization imaging results. No doubt, DABT-DMA can be applied as a polarity-
dependent bio-sensor with a dual responsiveness of distinct fluorescence wavelength
and lifetime. This further confirms that the AD process can cause polarity change in
LDs, with the low polar components continuously increased and partially freed outside

the LDs.
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Brightfield LIPDR DABT-DMA (610 nm) DABT-DMA (550 nm) Overlay Enlarged FLIM (ns)

0 day

6 day

Figure 5. Monitoring the variation of lipid droplet polarity during the
neurodegenerative progression in AD within SH-SYSY cells by fluorescent imaging
and FLIM during the AD process using DABT-DMA (10 uM). The amyloid-f induced
AD of SH-SYSY cells was incubated with DABT-DMA (10 uM) for 12 h. Then, the
cells were incubated with LIPDR (200 nM) for 15 min before imaging using confocal
microscopy. DABT-DMA: Jex = 405 nm; Aem = 550 + 20 nm and 610 + 20 nm. LIPDR:
Jex = 640 nm; Aem = 680 £ 20 nm. Scale bars: 20 um.

Structural investigation on the increased low polar substances in LDs

To further investigate the composition of the newly generated low polar components
in the neurodegenerative progression, the cholesterol co-localization commercial dye
of BODIPY-Cholesterol has been applied in the imaging studies together with the
steroid-like structure of DABT-DMA. The extremely high R’ of DABT-DMA with
BODIPY-Cholesterol (0.94) indicates that DABT-DMA can be used to image the
distribution of cholesterol analogs within LDs (Figure S17). Again, in the
neurodegenerative progression, an increase of low polar components can be observed
(Figure 6). Further investigation into the overlay of BODIPY-Cholesterol, DABT-DMA
(610 nm), and DABT-DMA (550 nm) reveal that both the high polarity components
(red channel) and the low polarity components (blue channel) are well colocalized with

BODIPY-Cholesterol. This suggests that the increased low polar substances in the 550
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nm channel exhibit a cholesterol-like structure. The above-mentioned results clearly
indicate that a single probe of DABT-DMA can preliminarily verify the cholesterol-like
structure of the generated low polar lipids in LDs during the AD process, in combination
with the dual imaging capabilities of commercial probes of LIPDR (LDs imaging) and
BODIPY-Cholesterol (cholesterol imaging). Given the strong link between disrupted
lipid metabolism and AD>® *°, this study proposes that the Ap protein could induce
dysfunction of lipid droplets, which in turn results in the accumulation of cholesterol

analogs, further exacerbating the pathological features of AD.

Brightfield BODIPY-Cholesterol DABT-DMA (610 nm) DABT-DMA (550 nm) Over]ay
> R i
] »
©
o . . .
>
(]
©
©
o |
3 s
~ b
-~ b~

Figure 6. Monitoring the alternations in lipids composition of lipid droplets during the
neurodegenerative progression in AD within SH-SY5Y cells using DABT-DMA. The
amyloid- pretreated SH-SYSY cells were incubated with DABT-DMA (10 uM) 12 h
before the cell imaging. Then, the cells were incubated with BODIPY-Cholesterol (200
nM) for 15 min before imaging using confocal microscopy. DABT-DMA: Aex =405 nm;
Aem = 550 £ 20 nm and Aem = 610 = 20 nm. BODIPY-Cholesterol: Aex = 505 nm; Aem =

530 £+ 20 nm. Scale bars: 20.0 pm.
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Conclusion

To the best of our knowledge, the exploration of polarity-dependent sensors with
electron acceptors of variable structures has attracted intensive interest in the past.
Unfortunately, most of the reported ones are originated from petrochemicals with finite
structural variations. Herein, a nature-inspired electron acceptor (DABT) with a unique
steroid-like structure has been designed from natural rosin. With electron donors from
Cz to DMA, red-shifted and strengthened emission can be synchronically achieved in
addition to the TICT effect. Further, the steroid-like natural electron acceptor brings
both advantageous biocompatibility and targeting capability in the DMA-substituted
compound DABT-DMA, resulting in its sensing ability in LDs with dual responsiveness
of both distinct fluorescence wavelength and lifetime due to its strongest solvent effect.
More importantly, DABT-DMA can for the first time verify that the Af protein-induced
AD goes through LDs polarity variation, which is attributed to the production and
accumulation of cholesterol analogs in LDs. This work not only proposes a novel
natural skeleton-derived electron acceptor with a steroid-like structure that brings both
biocompatibility and targeting ability but also applies it in visualizing the lipid
evolution in LDs during AD, offering a fresh understanding in pathophysiological

mechanisms for AD.

Associated Content
Supporting Information
The Supporting Information is available free of charge.

Experimental details, NMR, HRMS, and additional photophysical data (PDF)
Accession Codes
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