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Abstract

Endogenous catechol aldehydes (CAs), namely 3,4-dihydroxyphenylacetaldehyde
(DOPAL) and 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL), play pivotal roles in
neurobehavioral, cardiovascular, and metabolic processes. Dysregulation of CA levels
contributes to neurological disorders and heart diseases. Thus, detecting imbalances in
CAs levels is crucial for diagnosing early stages of CA-associated diseases. Here, we
present innovative fluorescent sensors designed for rapid and selective detection of CAs
within cells and tissue, overcoming the limitations of conventional diagnostic methods that
necessitate cell destruction. The sensor operates by a dual-reaction trigger, leveraging
the exceptional selectivity of o-phenylenediamine for aldehyde and phenylboronic acid for
catechol, resulting in the production of a FRET signal exclusively for CAs in the presence
of other aldehydes and catechols within cells. To circumvent issues such as spectral
cross-talk, excitation intensity fluctuations, inner filtering, photobleaching, and detector
sensitivity, we employed Fluorescence Lifetime Imaging Microscopy (FLIM) combined
with FRET (FLIM-FRET) to accurately measure CAs levels at a nanosecond scale. This
makes FLIM-FRET highly proficient for live cell and tissue imaging. Remarkably, we
utilized this dual-reaction trigger FLIM-FRET system to detect endogenous CAs levels
within cells in response to enzyme activators and inhibitors and within diseased-model
mice tissue. These probes have the potential to serve as early warning systems for
neurological diseases linked to CAs within living systems, laying the foundation for further
investigations.

Introduction

Oxidative deamination of norepinephrine (NE) and dopamine (DA) by monoamine oxidase
(MAO) generates catecholaldehydes, namely 3,4-dihydroxyphenylglycolaldehyde
(DOPEGAL) and 3,4-dihydroxyphenylacetaldehyde (DOPAL), along with H,O,.® Under
physiological conditions, these metabolites are primarily detoxified by aldehyde
dehydrogenase (ALDH) or aldose reductase (AR) to their corresponding carboxylic acid
(DOPAC) or alcohol (DHPG), respectively.*® However, during oxidative stress, there is a
dysregulation in catecholamine metabolism, diminishing ALDH and other detoxifying
enzyme activity (Figure 1).°7 This imbalance leads to an increase in DOPAL and
DOPEGAL production and accumulation, which can react with proteins, causing structural
and functional alterations.®*° Both DOPAL and DOPEGAL are more cytotoxic than their
parent catecholamines due to their unique chemical properties, resulting in the formation
of stable adducts with proteins and crosslinking with biological molecules.!! The reactivity
of three key components within catechol aldehydes (CAs)—aldehyde, catechol, and alpha
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hydroxyl groups, exclusive in DOPEGAL—plays a pivotal role in modifying proteins and
fostering crosslinking processes.? These alterations include the formation of Schiff bases
and thiazolidines with lysine and cysteine, respectively, by the aldehyde group.t®14
Additionally, under conditions of oxidative stress, the catechol group undergoes
transformation into quinones, which subsequently modify lysine and cysteine through
Michael-type addition reactions®® Furthermore, the alpha hydroxy aldehyde moiety of
DOPEGAL triggers the generation of Amadori rearrangement products upon reacting with
lysine and the N-terminus.®
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Figure 1: Metabolic pathway of norepinephrine (NE) and dopamine (DA) conversion to
DOPEGAL and DOPAL by Monoamine oxidase (MAO) which are processed by aldehyde
dehydrogenase (ALDH) and aldehyde reductase (AR) to non-toxic dihydroxyphenylglycol
(DHPG) and 3,4-Dihydroxyphenylacetic acid (DOPAC). Dysregulation of ALDH and AR
leads to accumulation of DOPEGAL and DOPAL, which can form covalent crosslinks with
biological nucleophiles leading the diseased states.

These reactions permanently alter protein structures and functions, contributing to various
neurodegenerative diseases including, Parkinson’s disease (PD), Alzheimer’s disease
(AD), schizophrenia, and Huntington’s disease,'’?! and cardiac injuries from ischemia,
diabetes, and hypertension.??? Therefore, Identifying and quantifying catechol aldehydes
is crucial for the early detection of neurological and cardiovascular disorders. However,
traditional detection methods such as high-pressure liquid chromatography (HPLC),?®
mass spectroscopy (MS),?” microdialysis,?® capillary electrophoresis (CE),?®
electrochemical analysis,*® and optical spectroscopy® are time-consuming, lack
selectivity, require large sample volumes, and are not optimal for efficient detection.®?
Moreover, these techniques necessitate cell destruction, leading to inaccuracies due to
oxidative stress-related artifacts.®*-3* Additionally, cell destruction fails to capture cell-to-
cell variability in CA levels, resulting in the loss of spatiotemporal information and the
inability to track CA fluctuations in real-time within live cells. Another approach to assess
CA cytotoxicity involves identifying protein crosslinks, but this method does not offer early
warning signals as the neurodegenerative process is typically advanced by the time
crosslinking occurs >3538
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Figure 2. “Turn-On” fluorescence of probe la with aldehydes and selective FRET
formation of catechol benzimidazole FRET donor 2a and boronic acid FRET acceptor 3a.

To address the challenge of detecting catechol aldehydes, especially within live cells, we
introduce a novel approach using dual-reaction trigger FRET-based sensors. These
sensors exploit both the aldehyde and catechol components of CAs, allowing for their
selective detection amidst other aldehydes and catechols. By utilizing two reactions,
involving diamine-phenyl-BODIPY 1a with the aldehyde component to generate
benzimidazole-BODIPY 2a, and phenyl boronic acid-functionalized RhodamineB 3a with
the catechol component to generate RhoB-boronic ester 4a, our sensors produce distinct
FRET signals for catechol aldehydes, enabling their selective identification within live cells
in the presence of other aldehydes and catechols (Figure 2).

To accurately quantify catechol aldehyde levels, we employed Fluorescence Lifetime
Imaging Microscopy combined with FRET (FLIM-FRET), providing nanosecond-scale
fluorescence lifetime measurements.3*-*° The fluorescence lifetime of the donor decreases
when its emission is quenched through a FRET interaction. FLIM-FRET offers robustness
against various sources of interference, including spectral cross-talk, fluctuations in
excitation intensity, inner filtering, photobleaching, direct acceptor excitation, and detector
sensitivity,** making it suitable for live cells and tissues.*** Its lower limit of detection
allows for the identification of minute fractions of molecules engaged in FRET, enabling
accurate measurements of aldehyde levels. Our study successfully detected
endogenous levels of catechol aldehydes within live cells, and notified changes in catechol
aldehyde levels in response to enzyme activators and inhibitors. Furthermore, we
demonstrated the application of our dual-reaction trigger FLIM-FRET system for
identifying DOPEGAL specifically in the locus coeruleus (LC) of the brain in wild-type and
diseased mice, indicating its potential for studying catechol aldehyde-related pathologies.

Results and Discussion

Development of FRET Probes for Catechol Aldehydes
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In pursuit of our objectives, our laboratory has developed a probe utilizing 3,4-
phenylenediamine linked to the BODIPY core, 1a.***® Probe la exhibits notable
chemoselectivity for aldehydes in the presence of other biological metabolites. Upon
reacting with DOPAL, probe 1a produced DOPAL-benzimidazole-BODIPY 2a, resulting in
a distinctive fluorescence activation at 507 nm. To selectively distinguish and identify
catechol aldehydes from other reactive aldehydes, we devised a plan to leverage the
distinctive catechol (1,2-dihydroxyphenyl) group of catechol aldehydes. We synthesized a
phenylboronic acid-functionalized RhodamineB 3a (Aaw =546 nm) to serve as a FRET
acceptor for the DOPAL-benzimidazole-BODIPY FRET donor 2a (Aem =507 nm), by the
formation of boronate ester 4a with the catechol group of 2a.® To further enhance the
reaction rate with the catechol component of catechol aldehydes and to obtain the best
response profile while enhancing the stability of the boronate ester under physiological
conditions, we synthesized heterocyclic benzoxaboroles-functionalized RhodamineB 3b
as a FRET acceptor.*” RhodamineB was selected as the FRET acceptor due to its
established efficacy in FRET with BODIPY and compatibility in live cells and living
systems.4849

Synthesis of probe 3a began with coupling RhodamineB to commercially available
boronate ester before subsequent pinacol deprotection (Scheme 1la, Supplementary
Figure 1). Probe 3b began with a Suzuki coupling of 2-Bromo-5-hydroxybenzaldehyde
with B2Pinz, which was converted to benzoxaborole product using LiAIH4 before quenching
in acidic conditions. Subsequent linker addition and coupling to RhodamineB yielded 3b
(Scheme 1b, Supplementary Figure 2).
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Scheme 1. Synthesis of FRET Acceptors. a) Synthesis of 3a. b) Synthesis of 3b.

To assess the selectivity of these FRET pairs for catechol aldehydes, we initially incubated
probe 1a with various aldehydes, including acetaldehyde, propanal, butanal,
valeraldehyde, octanal, and DOPAL, and recorded the absorbance and emission spectra
of the corresponding benzimidazole products. A uniquely high absorbance and emission
intensity were observed with DOPAL-benzimidazole-BODIPY 2a compared to other
aldehydes at the same concentrations, highlighting the role of catechol groups in
enhancing the intensity of absorbance and emission (Figure 3a, Supplementary Figure 3).
Interestingly, 2a exhibited a higher quantum yield of 0.29 compared to 2b with exhibited a
guantum yield of 0.25 (Supplementary Figure 4). Next, phenylboronic acid-functionalized
RhodamineB 3a was added to DOPAL-benzimidazole-BODIPY 2a at varying
concentrations to determine its FRET efficiency. As expected, a dose-dependent increase
in FRET efficiency was observed, with a maximum FRET efficiency of 97% at a 20 equiv.
3a relative to 2a (Figure 3b and Figure 3c). No FRET signals were observed with other
aldehydes and catechols such as dopamine or norepinephrine due to the absence of both
the aldehyde and catechol groups in the same structure. This selectivity towards catechol
aldehydes stemmed from the chemoselective reaction between the 1,2-dihydroxyphenyl
group of catechol aldehydes and the phenylboronic acid on the FRET acceptor, generating
a boronate ester.*
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Figure 3. Fluorescent properties of probes 1a and 3a a) Excitation and emission of the
products of the reaction of probe 1a with varying aldehydes. RFU = relative fluorescent
units. b) Emission of FRET donor 2a with varying equivalence of FRET acceptor 3a. c)
Calculated FRET efficiencies tabulated and plotted against equiv. of 3a. d) Cell death of
U-87 MG cells incubated with probes 1a, 3a, and 3b. All the experiments are performed
in triplicate.

Live Cell Compatibility and Selective Identification of Catechol Aldehydes by FLIM-
FRET

To assess the operational efficacy of probes 1a, 3a, and 3b within live cells, we incubated
them with U-87 MG, a human glioblastoma cell line commonly utilized in brain research,*°
at various concentrations: 1a (10 yM) and 3a and 3b (ranging from 10 uM to 40 uM) for 2
hours, followed by flow cytometry analysis. The results unveiled over 95% cell viability
with 10 uM of 1a, 20 uM of 3a, and 10 yM of 3b. However, concentrations exceeding 20
MM of 3a and 20-40 uM of 3b led to more than 15% cell death (Figure 3d, Supplementary
Figure 5). Due to the high cell death observed with 3b, we opted to proceed with utilizing
20 pM of 3a for live cell studies. Employing preformed DOPAL-benzimidazole-BODIPY 2a
and propanal-benzimidazole-BODIPY 2b, we examined the capability of phenylboronic
acid-functionalized RhodamineB 3a to exhibit the FLIM-FRET signal within live cells. U-
87 MG cells treated with 2a (10 pM) for 2 hours, then were exposed to 3a (20 uM) for 20
minutes, and the FLIM-FRET signal was measured using a Leica Stellaris 8 microscope
(Figure 4).%%41
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Figure 4. Selectivity of 2a and 3a FRET pair and resulting change in fluorescent lifetime
a) Representation of FRET donor 2a covalently interacting with FRET acceptor 3a to give
complex 4a while 2b is unable to form an analogous product. b) Lifetime decay curve of
normalized photon counts of 2a and 2b alone and in the presence of 3a in U-87 MG cells.
No change in lifetime decay curve for 2b in the presence of 3a. All the experiments are
performed in triplicate. ¢) Average fluorescent lifetime of 2a and 2b alone and in the
presence of 3a in U-87 MG cells. All the experiments are performed in triplicate. N.S. =
not significant, **** = p < 0.0001.

The DOPAL-benzimidazole-BODIPY 2a had an average lifetime of 1.364 ns while the
propanal-benzimidazole-BODIPY 2b had an average lifetime of 1.436 ns. When probe 3a
was introduced to cells, 2a showed a reduction in average fluorescent lifetime to 0.911 ns,
while 2b had no noticeable change in the fluorescence lifetime with an average of 1.434
ns (Figure 4, Supplementary Figure 6). Decrease in fluorescence lifetime was observed
exclusively with catechol aldehydes (DOPAL), with a FRET efficiency (E) of 34.4%, thus
highlighting its potential in selectively detecting catechol aldehydes within live cellular
environments. This selectivity towards catechol aldehydes stemmed from the
chemoselective reaction between the 1,2-dihydroxyphenyl group of catechol aldehydes
and the phenylboronic acid on the FRET acceptor, generating a boronate ester inside live
cells.

Live Cell Imaging and Monitoring of Exogenous Catechol Aldehyde Levels in
Preclinically Relevant Disease Models

To evaluate the efficacy of our dual-reaction trigger FLIM-FRET system in detecting
natural DOPAL production during metabolic processes within live cells, we treated U-87
MG cells with dopamine (DA) (for DOPAL production), alone and in combination with
dexamethasone (Dexa) (an MAO activator),”* diadzin (DDZ),%? and benomyl (Ben)*
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(ALDH2 and ALDH inhibitors, respectively), either individually or in combination for 15
minutes. Subsequently, the cells were co-treated with 10 uM of probe l1a for 2 hours,
before treatment with 20 uM of FRET acceptor 3a for 15 minutes (Figure 5a). Observation
of the cells using a Leica microscope revealed a significant decrease in the fluorescence
lifetime of the donor complex 2a generated by the reaction of 1a with DA metabolite,
DOPAL, followed by the FRET complex formation with 3a (0.765 ns, 35.7%) (Figure 5a,
Supplementary Figure 7). Addition of MAO activator, Dexa resulted in further lowering of
fluorescence lifetime (0.650 ns, 45.4%) due to overproduction of DOPAL (Figure 5a,
Supplementary Figure 7). The addition of DDZ (0.672 ns, 43.1%), and Ben (0.712 ns,
39.7%) further lowered the fluorescence lifetime of 2a. The change in lifetimes can be
visualized by phasor plots with the formation of a new cluster of lifetimes (Figure 5c,
Supplementary Figure 7). This decrease is primarily attributed to the increased DOPAL
production from dopamine and its accumulation due to the inhibition of DOPAL conversion
to 3,4-dihydroxyphenylacetic acid (DOPAC).*®, revealing that the combined treatment of
DA/Dexa/DDZ/Ben yielded a significant lowering in the fluorescence lifetime of the 2a to
0.564 ns corresponding to enhanced cellular concentration of DOPAL (Figure 5a,
Supplementary Figure 7). The results clearly demonstrated higher concentrations of
DOPAL in the presence of both the MAO activator and ALDH inhibitors.

To investigate whether the acceleration of endogenous norepinephrine (NE) metabolism
and DOPEGAL production®*® would yield similar effects, we incubated live U-87 MG cells
with NE, followed by MAO activator and/or ALDH inhibitors along with the donor probe la
followed by acceptor probe 3a (Figure 5d-f, Supplementary Figure 8). Similar to
observations with dopamine metabolism, a decrease in the fluorescence lifetime of the
donor la with NE (0.723 ns, 34.3%) was observed in the presence of Dexa (0.597 ns,
45.8%), DDZ (0.632 ns, 42.6%), or Ben (0.666 ns, 39.6%), with a much larger decrease
in the donor lifetime (0.541 ns, 50.5%) was observed in cells treated with all drugs
(Dexa/DDZ/Ben) in combination indicating the metabolism of NE to DOPEGAL and the
formation of FRET by the reaction of DOPEGAL with probe 1a, followed by quenching
through complex formation with FRET acceptor 3a inside live cells (Figure 5d-f,
Supplementary Figure 8). These findings underscore the sensitivity of our dual-reaction
trigger FLIM-FRET system in monitoring disease states resulting from alterations in
catechol aldehyde levels, indicating its potential utility across diverse pathogenic
conditions.
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Figure 5. Live cell FLIM-FRET analysis of U-87 MG cells dosed with exogenous
dopamine and norepinephrine a) Lifetime decay curve of the normalized photon count for
2ainin the presence of 3ain U-87 MG cells treated with exogenous dopamine (DA), Dexa,
DDZ, and Ben individually and in combination. All the experiments were performed in
triplicate. b) Average fluorescent lifetime of 2a in the presence of 3a in U-87 MG cells in
the presence of exogenous dopamine (DA), Dexa, DDZ, and Ben individually and in
combination. All the experiments were performed in triplicate. ¢c) Representative image of
photon density of U-87 MG cells and corresponding phasor plots. d) Lifetime decay curve
of the normalized photon count for a donor complex between la and DOPEGAL in the
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presence of 3a in U-87 MG cells treated with exogenous norepinephrine (NE), Dexa, DDZ,
and Ben individually and in combination. All the experiments were performed in triplicate.
e) Average fluorescent lifetime of a donor complex between la and DOPEGAL in the
presence of 3a in U-87 MG cells in the presence of exogenous dopamine (DA), Dexa,
DDZ, and Ben individually and in combination. All the experiments were performed in
triplicate. f) Representative image of photon density of U-87 MG cells and corresponding
phasor plots. ** = p <0.01, *** = p <0.001, **** = p < 0.0001.

Live Cell Imaging and Monitoring of Endogenous DOPAL and DOPEGAL
Levels in Parkinsons Disease model

Building upon these promising results, we proceeded to detect and quantify the
endogenous levels of catechol aldehydes, including both DOPAL and DOPEGAL, within
live cells. U-87 MG cells were treated with Dexa, DDZ, and Ben, either individually or in
combination, followed by treatment with 10 uM of probe la for 2 hours, then 20 uM of
FRET acceptor 3a for 15 minutes. A decrease in the fluorescence lifetime of the donor 2a
(0.782 ns, 25.2%) was observed in the presence of Dexa (0.691 ns, 33.8%), DDZ (0.663
ns, 36.5%), or Ben (0.681 ns, 34.8%), with a much larger decrease in the donor lifetime
(0.601 ns, 44.9%) was observed in cells treated with all drugs (Dexa/DDz/Ben) in
combination (Figure 6, Supplementary Figure 9). These results affirm the high sensitivity
and rapid kinetics of our FRET probes la and 3a, qualifying them for the identification of
natural aldehyde production in both diseased and non-diseased cellular states.
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Figure 6. Live cell FLIM-FRET analysis of U-87 MG cells for endogenous DOPAL and
DOPEGAL detection. a) Lifetime decay curve of the normalized photon count for
complexes between 1la and DOPAL and DOPEGAL in the presence of 3a in U-87 MG
cells treated with MAO activator (Dexa) and ALDH inhibitors (DDZ and Ben) individually
and in combination. All the experiments are performed in triplicate. b) Average fluorescent
lifetime of complexes between 1a and DOPAL and DOPEGAL in the presence of 3a in U-

10

https://doi.org/10.26434/chemrxiv-2024-51nj8 ORCID: https://orcid.org/0000-0001-9636-2222 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-51nj8
https://orcid.org/0000-0001-9636-2222
https://creativecommons.org/licenses/by-nc-nd/4.0/

87 MG cells treated with MAO activator (Dexa) and ALDH inhibitors (DDZ, and Ben)
individually and in combination. All the experiments are performed in triplicate. c)
Representative image of photon density of U-87 MG cells and corresponding phasor plots.
ns = not significant, ** = p <0.01, *** = p <0.001, **** = p < 0.0001.

Detection and Quantification of DOPEGAL in vivo

Encouraged by these outcomes, we applied our system to identify DOPEGAL in the locus
coeruleus (LC) of mice, the primary source NE in the brain.>*%° To verify the specificity of
our probes to identify and quantify NE metabolic products in living systems, we compared
signal in wild-type (WT) and dopamine B-hydroxylase knockout (DBH -/-) mice, which lack
NE production and thus cannot generate DOPEGAL.® After sacrifice and isolation of the
intact brain, it was incubated with probe la for 2 hours, followed by probe 3a for 15
minutes, followed by cryosection to isolate the LC and subsequent imaging (Figure 7a,
Supplementary Figure 10). As expected, a significantly lower fluorescence lifetime of the
FRET donor 1la (1.015 ns average from 3 images per slice of tissue, 2 tissue slices per
mouse with 2 mice) was observed in the LC from WT mice compared to that from DBH
knockout mice (1.777 ns average from 3 images per slice of tissue, 2 tissue slices per
mouse with 2 mice). Additionally, FLIM-FRET pixel intensity allows for the analysis of
spatiotemporal information regarding NE concentration (Figure 7b, Supplementary Figure
10). These results confirm that our probes can specifically detect NE metabolites such as
DOPEGAL in native murine brain tissue. Given that DOPEGAL in the LC contributes to
Tau aggregation and propagation to the forebrain, our probes have the potential to serve
as an early warning signal for brainstem Tau pathology, offering a valuable diagnostic tool
for the onset of Alzheimer's disease.
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DBH +/- (Het)

DBH -/- (KO)

Figure 7. Tissue imaging of WT mice and dopamine B-hydroxylase knockout mice with
probe la and 3a. a) Schematic of tissue imaging protocol in WT mice and DBH knockout
(DBH -/-) mice. b) FLIM photon density and photon intensity of DBH +/- (Het) and DBH -
/- (KO) mice brain LC tissue. Light blue pixels in photon density represent lower average
fluorescent lifetime which are alternatively visualed as white hot spots in photon intensity
images.

Conclusion

In this research endeavor, we have successfully developed a FRET donor-acceptor pair
coupled with FLIM, enabling the selective detection of catechol aldehydes within living
systems. This method operates as a dual-reaction trigger FLIM-FRET system,
necessitating the presence of both an aldehyde group and a catechol group on the same
molecule for efficient FRET signaling, thus demonstrating high selectivity for detecting
catechol aldehydes specifically in the presence of other aldehydes and catechols in living
systems. The reaction between 3,4-diamino-BODIPY and catechol aldehyde, DOPAL,
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yields DOPAL-benzimidazole-BODIPY (2a), leading to a remarkable 34-fold increase in
fluorescence. Conversely, the reaction of the catechol group of DOPAL-benzimidazole-
BODIPY with phenylboronic acid-functionalized RhodamineB forms a boronic ester,
facilitating efficient FRET signaling between the donor benzimidazole-BODIPY and
acceptor RhodamineB. The lower fluorescence lifetime of the donor in the presence of the
acceptor indicates the high FRET efficiency of our system, rendering it ideal for detecting
and quantifying concentrations of catechol aldehydes in living systems using FLIM-FRET,
without susceptibility to interference from fluctuations in excitation intensity, inner filtering,
photobleaching, spectral cross-talk, and direct acceptor excitation. We have demonstrated
the ability of dual-reaction trigger FLIM-FRET system to detect and quantify both
exogenous and endogenous levels of catechol aldehydes, DOPAL, and/or DOPEGAL in
live cells, further validated by their capability to detect aldehyde fluctuations in disease
models. This sensitivity and real-time measurement capability position them as promising
candidates for exploring the role of catechol aldehydes in various cellular processes.
Notably, we applied these probes to detect DOPEGAL in the locus coeruleus (LC) of wild-
type (WT) mouse brains and compared them with DBH knockout (DBH -/-) mice lacking
NE production, underscoring their value in biomedical research. Collectively, our probes
offer a valuable tool for investigating catechol aldehyde dynamics in biological systems,
devoid of interference from other biological metabolites. This capability facilitates deeper
exploration of catechol aldehyde processes, fostering research into catechol aldehyde-
related pathogenesis. This work establishes a foundation for future investigations
exploring potential applications in developing diagnostic tools providing early warning
signals for neurological, cardiovascular and metabolic disorders.
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