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ABSTRACT
Fluorescent probes have been widely developed for detecting amyloid biomarkers associated with neurodegenerative diseases 
(NDs). The requirement for external light for excitation, however, limits their utility for research and in vivo applications. 
Chemiluminescent probes, which use chemical reactions to generate emissive excited states rather than externally applied light, 
may offer a promising alternative to overcome some limitations for optical imaging of amyloid biomarkers. Here, we designed and 
synthesized a chemiluminescent amyloid‐binding probe (CLIP‐1) and evaluated its capability to label three amyloid biomarkers 
for NDs—amyloid β (Aβ), α‐synuclein (α‐syn), and tau protein aggregates. We found that CLIP‐1 exhibits markedly enhanced 
chemiluminescence (CL) in aqueous solution when activated by ambient oxygen in the presence of aggregated Aβ, whereas little to 
no emission is observed in the absence of aggregates or in the presence of monomeric Aβ. Additionally, CLIP‐1 displayed a different 
wavelength of emission when bound to tau aggregates compared to Aβ or α‐syn aggregates, which we attribute to differences in the 
relative overall charge of the amyloids at neutral pH. Imaging of brain slices confirmed enhanced CL of CLIP‐1 in an Alzheimer’s 
disease mouse model, highlighting the potential for amyloid‐targeting chemiluminescent probes as new tools for aiding in diagnosis 
of amyloid‐associated neurodegenerative diseases.

1 |  Introduction
Neurodegenerative diseases (NDs) such as Alzheimer’s disease 
(AD) and Parkinson’s disease (PD) represent a major public health 
concern due to their increasing prevalence and high mortality 
rates [1]. AD is primarily characterized by the abnormal accu­
mulation of amyloid‐β (Aβ) aggregates and tau neurofibrillary 
tangles (NFTs), while PD is associated with the aggregation of mis­
folded α‐synuclein protein (α‐syn) [2]. These pathological protein 
aggregates often exhibit cross β‐sheet structures, a shared feature 
that has guided the development of various organic fluorescent 
probes aimed at early detection and monitoring of NDs [3, 4]. 
Compared to conventional clinical imaging techniques such as 
positron emission tomography (PET) and magnetic resonance 
Imaging (MRI), fluorescent probes offer advantages including 
high sensitivity and real‐time imaging capabilities, making them 
suitable for early‐stage detection of amyloid deposits in living 

patients [5, 6]. Additionally, we have previously reported a series 
of polarity‐sensitive fluorescent probes capable of distinguishing 
between different types of protein aggregates based on their emis­
sion wavelengths [7], making it possible to discriminate amyloid 
deposits associated with different NDs.
While the potential for fluorescence‐based detection of amyloids 
has attracted increased attention, one limitation of fluorescence is 
the requirement for external light excitation, which can introduce 
potential safety concerns in living patients and artifacts for deep‐
tissue imaging [8]. To overcome these challenges, researchers 
have begun to explore optical imaging platforms that do not 
require external light irradiation with the use of photoacoustic 
and chemiluminescent probes [9, 10]. In particular, chemilumi­
nescent probes, which generate an emissive excited state through 
a chemical reaction rather than through external photon excita­
tion, offer the potential for deeper tissue imaging and reduced 
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FIGURE 1 | Structure of (A) Imidazo[1,2‐a]pyrazin‐3(7H)‐one (IPO) moiety, (B) a previously reported class of Aβ‐targeting IPO‐based chemilumi‐
nescent probes (ADLumin series) [12, 13], and (C) an environmentally sensitive amyloid‐targeting fluorescent probe, ARCAM‐1 [7]. (D) Schematic 
illustration of CLIP‐1 generating chemiluminescence upon activation with oxygen.

background signal [11]. In this study, we report the development 
and characterization of a chemiluminescent probe (CLIP‐1) that 
is capable of targeting amyloid aggregates comprised of differ­
ent protein compositions. While previous studies have explored 
chemiluminescent probes for detecting Aβ aggregates [12, 13], 
we examine the capability of a chemiluminescent probe to detect 
three different amyloids and show, for the first time, that a 
chemiluminescent probe can exhibit different wavelengths of 
emission depending on the expected relative charge along the 
amyloid surface. This work advances the field by going beyond 
simple detection of amyloids as we investigate how charge as 
a microenvironmental factor associated with different types of 
amyloid aggregates can influence the chemiluminescence (CL) 
profile of the probe.

2 |  Results and Discussion
Imidazo[1,2‐a]pyrazin‐3(7H)‐one (IPO, Figure 1A) is an 
oxygen‐driven chemiluminescent scaffold, which has been used 
for detection of reactive oxygen species (ROS) such as superox‐
ide anion [14, 15]. Many groups have attempted to develop 
chemiluminescent probes comprising an IPO moiety that can 
target specific biomarkers. For instance, the Ran group recently 
reported the ADLumin series (Figure 1B) of chemilumines‐
cent probes that incorporates an IPO moiety and was able to 
show CL activation in the presence of Aβ aggregates [12, 13]. 
Here, we hypothesized that incorporation of an IPO moiety 
into an amyloid‐targeting scaffold with known environmental 
sensitivity and spectroscopic properties could offer additional 
advantages for amyloid imaging. Figure 1C depicts the chemical 
structure of ARCAM‐1, an environmentally sensitive fluores‐
cent amyloid‐targeting probe that we showed could discrimi‐
nate amyloids based on differences in binding pocket polarities 
[7] and whose spectroscopic properties could be tuned through 
chemical modifications on the scaffold [4]. We designed CLIP‐1 
with the hypothesis that incorporation of an IPO moiety on 
the aminonaphthalene scaffold of ARCAM‐1 would retain the 
amyloid binding and some spectroscopic properties of ARCAM‐
1, but could generate light through a known CL pathway

(Figure 1D). Details for the synthesis and characterization of 
CLIP‐1 are provided in the supporting information.
We first confirmed that CLIP‐1 could bind to aggregated Aβ using 
a previously reported assay [16], which revealed a Kd of 5.6 µM 
(Figure S1) that was similar to the binding of ARCAM‐1 to aggre­
gated Aβ (6.3 µM) [4]. Figure 2A shows the CL of CLIP‐1 increased 
in the presence of increasing concentrations of aggregated Aβ in 
solution after a 5 min incubation time. Remarkably, we observe 
no CL in aqueous solution in the absence of aggregated Aβ and 
relatively little CL from CLIP‐1 with increasing concentrations 
of nonaggregated Aβ in the same measurement time window 
(Figure 2B). Prior studies on IPO‐related CL have shown that 
molecular oxygen is required to initiate the oxidation process 
leading to light emission [17, 18]. We, therefore, measured the 
CL spectrum of CLIP‐1 in the presence of Aβ aggregates with 
and without bubbling of oxygen (Figure 2C). We observed an 
approximate 2‐fold increase in intensity of CL from CLIP‐1 in 
the presence of oxygen bubbling, which is consistent with an 
oxygen‐dependent mechanism for CL activation. LC–MS analysis 
also confirmed that CLIP‐1 converted to the expected products
(Figure 1D) after reaction with oxygen in the presence of aggre­
gated Aβ, showing 77% substrate conversion and 28% yield of 
oxidation products (Figure S2).
To help understand the mechanism for CL enhancement of 
CLIP‐1 in the presence of Aβ, we first examined whether CLIP‐1 
undergoes oxidation under ambient oxgyen in the absence of Aβ 
if incubated for a long period of time. LC–MS spectra acquired 
before and after 24 h incubation of CLIP‐1 in nanopure water 
revealed new peaks corresponding to oxidized species, indicating 
that CLIP‐1 can oxidize—albeit very slowly—even without Aβ 
(Figure S3). We next evaluated the oxidation kinetics by monitor­
ing the time‐dependent CL in the presence and absence of Aβ 
aggregates (Figure S4). The observed rate constant (kobs) increased 
≈30‐fold with Aβ aggregates, from 0.01 min−1 in the absence of 
Aβ to 0.31 min−1 in the presence of Aβ aggregates, demonstrating 
that Aβ aggregates markedly accelerate CLIP‐1 oxidation. The 
combined LC–MS and kinetic results together suggest that CLIP‐1 
does oxidize in the absence of Aβ, but the rate is extremely slow, 
resulting in only weak CL observable after 24 h incubation. Aβ 
accelerates the oxidation process, leading to substantially higher 

2 of 6 ChemBioChem, 2026

 14397633, 2026, 8, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202600008 by U
niversity O

f C
alifornia, W

iley O
nline L

ibrary on [19/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 3 | Normalized chemiluminescence spectra of CLIP‐1 
(10 µM) in the presence of 50 µM Aβ, α‐syn, and tau aggregates at pH 7.2. 
The observed emission maxima (λmax) were 534, 540, and 566 nm for Aβ, 
α‐syn, and tau, respectively.

FIGURE 2 | Spectroscopic properties of CLIP‐1. Chemiluminescence (CL) spectra of CLIP‐1 in solution with increasing concentrations of aggregated 
(A) or monomeric (B) Aβ. (C) Chemiluminescence intensity of CLIP‐1 with Aβ aggregates without or with oxygen bubbling (30 min). *** represents a 
p value of 0.0003 using Student’s t‐test (n = 3). (D) Chemiluminescence images and quantitative plot of photon counts of aqueous solutions of CLIP‐1 
acquired at different emission wavelengths using an IVIS system.

chemiluminescent signal intensity that is observable even after 
only a 5 min incubation. The CL quantum yield of CLIP‐1 was 
calculated to be 0.195% (1.95 × 10−3 einsteins/mol) in the presence 
of Aβ aggregates and 0.0216% (2.16 × 10−4 einsteins/mol) in the 
absence of Aβ aggregates using luminol as standard according to 
published protocol [12, 19].
CL imaging of CLIP‐1 using an in vivo imaging system (IVIS) 
with and without Aβ aggregates is shown in Figure 2D. Again, 
no detectable signal from CLIP‐1 was observed in the absence 
of amyloid, while strong CL was detected in samples containing 
aggregated Aβ. Total photon counts at 6 different wavelengths 
were quantified from the acquired images using all available 
filters for the IVIS system and showed the highest number of 
photon counts for CLIP‐1 at 560 nm.
In order to examine whether CLIP‐1 could detect amyloid aggre­
gates derived from proteins other than Aβ, we prepared solutions 
of recombinant α‐synuclein (α‐syn) and tau protein according to 
previously reported protocols [20, 21]. We measured binding con­
stants (Kd) of 1.7 µM and 2.8 µM for CLIP‐1 to aggregated α‐syn and 
tau, respectively, which were similar to the binding of this probe to 
aggregated Aβ (SI Figures S5 and S6). We also observed an increase 
in CL of CLIP‐1 in the presence of aggregated α‐syn and tau as we 
had observed in the presence of aggregated Aβ in aqueous buffer 
at pH 7.2. However, the CL spectra indicated a ~30 nm difference 
in emission wavelength maximum for CLIP‐1 in the presence 
of tau protein aggregates relative to the presence of Aβ or α‐syn 
aggregates (Figure 3 and Figure S7). As the emission maximum 
(λmax) serves as a robust metric for colorimetric discrimination 
commonly used to discriminate distinct protein compositions
[22, 23], we focused our analysis on this wavelength shift.
To investigate a potential reason for the difference in emission 
maximum for CLIP‐1 in the presence of tau compared to Aβ and 
α‐syn, we first measured the CL of CLIP‐1 in various polar aprotic 
organic solvents with different solvent polarity. In contrast to 
the strong dependence of fluorescence emission wavelength of 

ARCAM‐1 on environmental polarity [24], we did not observe 
any obvious trend in intensity or wavelength of CL emission for 
CLIP‐1 as a function of solvent polarity (Figure S8).
Previous studies on IPO‐containing chemiluminescent molecules 
showed that oxidation can generate two different emissive excited 
states, one that is negatively charged and one that is electrically 
neutral (Figure 4A) [12, 17, 25, 26]. Based on the results shown 
in Figure 3 and the reported pIs of Aβ (5.3) [27], α‐syn (4.7) 
[28], and tau (8.2) [29], we hypothesize that the overall charge 
of the amyloids at pH 7.2 would be negative for Aβ and α‐syn 
aggregates, but positive for tau aggregates. These differences in 
overall charge of the amyloid could, in turn, favor the formation of 
the anionic excited state when bound to tau aggregates (leading to 
longer wavelength emission) and disfavor the anionic excited state 
(and, thus, favor the neutral excited state with shorter wavelength 
emission) when bound to Aβ and α‐syn aggregates. To test this 
hypothesis, we examined the pH dependence of CL of CLIP‐1 in 
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FIGURE 4 | (A) Schematic illustration of CLIP‐1 having two different emissive excited states responsible for chemiluminescence emission as 
proposed in prior studies [12]. (B) Normalized chemiluminescence spectra of CLIP‐1 in the presence of aggregated Aβ at different pHs.

FIGURE 5 | (A) Confocal fluorescence microscopic images of tissue slices from control and AD brain (APP) stained with ARCAM‐1. (B) Ex vivo 
chemiluminescence images of neuronal tissue slices acquired using the IVIS system after incubation with CLIP‐1. (C) Average total photon counts 
extracted from the obtained chemiluminescence images. ** represents a p value of 0.0025 using Student’s t‐test (n = 3).

the presence of Aβ aggregates (Figure 4B) and found a trend of 
increasing wavelengths of emission with decreasing pH. Here, 
we examined CL of CLIP‐1 at pHs between 6.1 and 10.0, as solu­
tions below pH 6.1 resulted in significant loss of signal possibly 
due to nonradiative pathways that have also been reported for 
chemiluminescent IPO compounds in acidic solutions [30]. We 
also performed a similar experiment as shown in Figure 3, but 
suggest that CLIP‐1 may function as an environmentally sensitive 
chemiluminescent probe, with emission properties modulated by 
the local charge on different amyloid aggregates.
Finally, to further evaluate CLIP‐1 for the capability to detect 
amyloid deposits in brain, we first confirmed that neuronal tissue 

sections from an AD mouse model (APP‐SAA KI) contained 
strongly fluorescent Aβ plaques when stained with ARCAM‐1, 
whereas control brain slices did not contain any detectable amy­
loid deposits. We then incubated tissue slices obtained from the 
same mouse brains with CLIP‐1 and imaged them using the IVIS 
system without external photon excitation (Figure 5B). Figure 5C 
shows a nearly 2‐fold increase in signal for the AD versus the 
control brain, indicating enhanced CL intensity of the probe in 
the presence of endogenous Aβ aggregates in tissue. These results 
indicate that amyloid binding is essential for achieving enhanced 
CL in tissue, enabling detection over any background nonspecific
signals present in biological samples.
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3 |  Conclusion
In conclusion, we developed a new probe, CLIP‐1, that shows 
enhanced CL emission when bound to amyloid aggregates asso­
ciated with different neurodegenerative diseases. The design of 
CLIP‐1 incorporates structural features of ARCAM‐1, known 
to promote amyloid binding and exhibit an environmentally 
dependent colorimetric response. It showed different CL emission 
profiles when bound to tau aggregates compared to aggregates of 
Aβ and α‐syn, which we attribute to differences in the local charge 
of the amyloids at neutral pH. Furthermore, tissue imaging with 
CLIP‐1 showed enhanced CL in the presence of amyloid deposits, 
demonstrating the potential for using this probe for detecting 
amyloidosis in neuronal samples without the need for an external 
light source. These findings establish a new mechanistic founda­
tion for discrimination of amyloids associated with different NDs 
using CL.
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