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Abstract

Alzheimer’s Disease (AD) is the most common neurodegenerative disease, and efficient 

therapeutic and early diagnostic agents for AD are still lacking. Herein, we report the development 

of a novel amphiphilic compound, LS-4, generated by linking a hydrophobic amyloid-binding 

distyrylbenzene fragment with a hydrophilic triazamacrocycle, which dramatically increases the 

binding affinity toward various amyloid β (Aβ) peptide aggregates, especially for soluble Aβ 
oligomers. Moreover, upon the administration of LS-4 to 5xFAD mice, fluorescence imaging 

of LS-4-treated brain sections reveals that LS-4 can penetrate the blood-brain barrier and bind 

to the Aβ oligomers in vivo. In addition, the treatment of 5xFAD mice with LS-4 reduces the 

amount of both amyloid plaques and associated phosphorylated tau aggregates vs the vehicle-

treated 5xFAD mice, while microglia activation is also reduced. Molecular dynamics simulations 

corroborate the observation that introducing a hydrophilic moiety into the molecular structure of 

LS-4 can enhance the electrostatic interactions with the polar residues of the Aβ species. Finally, 

exploiting the Cu2+-chelating property of the triazamacrocycle, we performed a series of imaging 

and biodistribution studies that show the 64Cu-LS-4 complex binds to the amyloid plaques and 

can accumulate to a significantly larger extent in the 5xFAD mouse brains vs the wild-type 

controls. Overall, these results illustrate that the novel strategy, to employ an amphiphilic molecule 

containing a hydrophilic moiety attached to a hydrophobic amyloid-binding fragment, can increase 

the binding affinity for both soluble and insoluble Aβ aggregates and can thus be used to detect 

and regulate various Aβ species in AD.

Graphical Abstract
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INTRODUCTION

Alzheimer’s Disease (AD), the most prevalent neurodegenerative disease, currently affects 

almost 6 million people in the US and 44 million worldwide.1 Unfortunately, AD is still an 

irremediable disorder with a complex pathology, which poses tremendous challenges for the 

development of improved therapeutic and diagnostic tools.2,3 The formation of extracellular 

amyloid plaques containing the amyloid β (Aβ) peptide is one of the pathological hallmarks 

of the brains of AD patients,4,5 and this led to the amyloid-cascade hypothesis that states 

the amyloid plaque formation initiates cellular events that lead to neurodegeneration.6,7 

However, recent studies indicate that the deposition of amyloid plaques does not correlate 

with the progression of AD, instead soluble Aβ oligomers are believed to play a significant 

role, as they lead to synaptic dysfunction and memory loss in AD patients and AD animal 

models.8–10 Though the exact pathological mechanism of soluble Aβ oligomers is still not 

clear, more clinical trials have shown that the targeting of neurotoxic soluble Aβ oligomers 

instead of insoluble Aβ fibrils is a more effective strategy to slow down the progression of 

AD.11,12 Consequently, we think it is very important to develop improved therapeutic and 

diagnostic tools to detect and characterize these soluble Aβ species.

Fluorescence probes for amyloid fibrils have been developed and widely used during 

the past two decades.13–16 These probes can specifically bind to the amyloid plaques in 

AD patients and AD models. Furthermore, several positron emission tomography (PET) 

compounds have been developed and approved by the FDA and can be used to visualize 

amyloid plaques in AD patients.17–19 The main strategy to develop such imaging agents is 

to employ hydrophobic π-conjugated aromatic systems that interact with the hydrophobic 

residues in the β-sheet cores of the amyloid fibrils through hydrophobic–hydrophobic 

interactions. However, most of the probes can only recognize the insoluble, fibrillar Aβ 
species and have a poor ability to detect the most neurotoxic soluble Aβ oligomers.

Recently, novel fluorescent dyes that can bind soluble Aβ oligomers have been 

reported.20–27 However, the discovery of these molecules is normally achieved via high 

throughput screening or limited structure–activity relationship studies, and there are 
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no general guidelines to rationally design a soluble Aβ oligomer probe. In addition, 

numerous studies have shown that multifunctional compounds (MFCs) that contain an 

Aβ fibril-binding fragment and additional moieties that target other AD pathologies 

(e.g., as metal ion dishomeostasis,28–33 reactive oxygen species (ROS) formation,34–36 

neuroinflammation,37,38 and acetylcholinesterase inhibition39,40) could be potential lead 

compounds for AD therapeutics development.41–45 However, to the best of our knowledge, 

to date no MFCs have been developed that exhibit appreciable affinity for the soluble Aβ 
oligomers and target also other AD pathologies.

Herein, we report the development of a novel amphiphilic compound, LS-4, generated by 

linking a hydrophobic amyloid fibril-binding fragment with a hydrophilic azamacrocycle 

that can dramatically increase the binding affinity toward various amyloid β (Aβ) peptide 

aggregates (Figure 1). The developed compound exhibits uncommon fluorescence turn-on 

and high binding affinity for Aβ aggregates, especially for soluble Aβ oligomers. By 

comparison, the compound Pre-LS-4, which contains only the hydrophobic conjugated 

aromatic fragment without the hydrophilic azamacrocycle moiety, exhibits significantly 

reduced binding affinity for the Aβ species. LS-4 also exhibits antioxidant properties and 

can arrest the Cu2+-ascorbate redox cycling that can lead to ROS formation. Moreover, upon 

the administration of LS-4 to 5xFAD mice, fluorescence imaging of the LS-4-treated brain 

sections reveals that LS-4 can readily penetrate the blood-brain-barrier (BBB) and bind to 

the Aβ oligomers in vivo, as confirmed by immunostaining with an Aβ oligomer-specific 

antibody. In addition, the treatment of 5xFAD mice with LS-4 significantly reduces the 

amount of both amyloid plaques and associated phosphorylated tau (p-tau) aggregates vs 

the vehicle-treated 5xFAD mice, while microglia activation is also reduced. Furthermore, 

molecular dynamics (MD) simulations corroborate the observation that introducing a 

hydrophilic moiety into the molecular structure can significantly enhance the electrostatic 

interactions with the polar residues of the Aβ peptide species. Finally, taking advantage of 

the strong Cu-chelating property of the azamacrocycle, we performed a series of positron 

emission tomography (PET) imaging and biodistribution studies that show the 64Cu-LS-4 

complex binds to the amyloid plaques and can accumulate to a significantly larger extent 

in the 5xFAD mouse brains vs the WT controls. Overall, these in vitro and in vivo studies 

illustrate that the novel strategy to employ an amphiphilic molecule containing a hydrophilic 

fragment attached to a hydrophobic amyloid fibril-binding fragment can increase the binding 

affinity of these compounds for the soluble Aβ oligomers and can thus be used to detect and 

regulate the soluble Aβ species in AD.

RESULTS AND DISCUSSION

Synthesis of LS-4 and Pre-LS-4.

Recent reports focusing on the soluble Aβ oligomer structures have shown that the 

surfactant-stabilized soluble Aβ aggregates possess an amphiphilic property, including 

hydrophobic cores and water-soluble hydrophilic regions.46–48 This type of structure is 

proposed to promote the interaction of the soluble Aβ oligomers with the lipid membranes 

and generate pores and channel-like structures that may also disrupt the neuron cell 

membrane integrity.49–53 Thus, attaching hydrophilic moieties to hydrophobic Aβ fibril-
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binding fragments can be an effective strategy to design small molecules to probe the 

soluble Aβ oligomers, since such a amphiphilic molecule can interact with the both the 

hydrophobic regions as well as the hydrophilic residues of the soluble Aβ oligomers. Based 

on this strategy, the amphiphilic compound LS-4 contains a hydrophilic azamacrocycle, 

2,4-dimethyl-1,4,7-triazacyclononane (Me2HTACN), and a hydrophobic distyrylbenzene 

derivative known to exhibit high binding affinity for the Aβ species (Figure 1).54,55 

The novel asymmetric distyryl stilbene derivative contains fragments resembling the FDA-

approved PET imaging agent [18F]florbetaben, the symmetric distyrylbenzene structure of 

compound DF-9 and the related methoxy-X04–which have been widely used in detecting 

amyloid plaques,18,56,57 as well as the 2-methoxy-phenol fragment reminiscent of o-vanillin 

that was shown to inhibit the formation of Aβ oligomers and also exhibit antioxidant 

properties.58 Notably, a similar type of unsymmetric distyrylbenzene structure has been 

used for membrane potential sensor development,59 yet it has never been utilized for 

binding to or detecting Aβ species related to AD. The synthesis of LS-4 employs a Heck 

reaction to generate the Pre-LS-4 compound first,60 followed by the Mannich reaction with 

paraformaldehyde and the Me2HTACN azamacrocycle fragment to yield LS-4 (Scheme 1).

Fluorescence Turn-on Effect of LS-4 and Pre-LS-4 with Aβ Species.

To probe whether the introduction of the hydrophilic azamacrocycle moiety into the Aβ 
fibril-binding fragment can increase the interaction toward various Aβ species (Figure 1), 

a fluorescence turn-on assay was performed to evaluate whether LS-4 can interact with 

both the soluble Aβ oligomers and insoluble Aβ aggregates. Interestingly, LS-4 shows a 

remarkable fluorescence turn-on effect (~20 fold) when added to a solution of Aβ42 fibrils 

(Figure 2a). We have also prepared Aβ42 oligomers according to the procedure reported 

by Klein61 and confirmed their morphology by transmission electron microscope (TEM, 

Figure S2). Notably, in the presence of Aβ42 oligomers, LS-4 shows a more significant 

50-fold fluorescence turn-on effect than in the presence of Aβ42 fibrils. Furthermore, when 

comparing with the emission spectra of LS-4 with fibrils and Aβ oligomers, the maximum 

emission wavelength of LS-4 shows a blue shift from 500 to 470 nm, respectively, probably 

due to the compound binding to a more hydrophobic region of the Aβ oligomers, and thus 

suggesting LS-4 may be useful as a structure-specific or polymorph-specific dye to detect 

both Aβ oligomers and fibrils. By comparison, the Pre-LS-4 compound, which does not 

contain the hydrophilic triazamacrocycle group, only exhibits a small turn-on effect in the 

presence of either the Aβ42 oligomers or fibrils (Figure 2b). This result strongly suggests 

that the hydrophilic azamacrocycle present in LS-4 enhances the fluorescence turn-on effect 

in the presence of Aβ species, especially the soluble Aβ42 oligomers.

The triazamacrocycle moiety is known to act as a strong metal-chelating ligand, 

including binding to Cu2+ ions.28–33 On the basis of the predicted pKa values for LS-4 

(see the Supporting Information) and the previously reported triazamacrocycle-phenol 

derivatives,28–33 LS-4 is expected to be monoprotonated at pH 7.4, with the N atoms of the 

triazamacrocyle interacting with the proton. Moreover, it is expected that upon chelating to 

Cu2+, LS-4 will undergo deprotonation of the phenol group and thus the Cu2+-LS-4 complex 

will be monocationic and should exhibit similar amyloid binding properties as LS-4. As a 

result, we have employed the Cu-LS-4 complex to probe its fluorescence properties when 
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interacting with the Aβ42 oligomers and fibrils. Interestingly, when the Cu-LS-4 complex 

was added to the Aβ42 oligomers or fibrils, it exhibits similar fluorescence turn-on effects 

as LS-4 (Figure S3). Overall, the fluorescence turn-on results clearly indicate that improving 

the hydrophilicity of the compound can significantly enhance the binding affinity toward Aβ 
oligomers and fibrils.

Binding Affinity LS-4 and Pre-LS-4 to Aβ42 Oligomers and Fibrils.

To explore further the binding affinity toward Aβ42 species, we used different Aβ42 

species and direct-binding fluorescent assays to measure the Kd values for the developed 

compounds. LS-4 displays nanomolar affinity for the Aβ42 oligomers (Kd = 50 ± 9 nM) and 

fibrils (Kd = 58 ± 15 nM), indicating that the developed compounds bind tightly not only 

to the amyloid fibrils but also to the soluble Aβ42 oligomers (Figure 3). However, in the 

absence of the hydrophilic azamacrocycle fragment, the binding affinity of Pre-LS-4 toward 

the amyloid species dramatically decreased to 9–10 μM (Figure S4), strongly suggesting that 

the hydrophilic moiety plays a significant role in binding to the Aβ42 species.

Monitoring of Kinetics of Aβ42 Aggregation.

Following the fluorescence turn-on effect studies, the Aβ42 oligomersensing properties 

of LS-4 were probed during Aβ42 aggregation. The on-pathway aggregation conditions 

were employed for the growth of Aβ42 fibrils,61 and the whole aggregation process 

was monitored by thioflavin T (ThT) fluorescence. In addition, at each selected time 

point an aliquot of LS-4 was added to the Aβ42 solution and its fluorescence intensity 

was measured. Interestingly, the LS-4 emission intensity increased at the beginning and 

reached the maximum after ~2 h of incubation and then decreased dramatically during the 

following 48 h of incubation, while the ThT emission intensity increased steadily (Figure 

4). These observed changes in the fluorescence intensity suggests that LS-4 detects the 

on-pathway Aβ42 oligomers, with its fluorescence signal increasing as the monomeric Aβ42 

aggregates into oligomers, and then decreases as Aβ42 fibrils are formed in solution. By 

comparison, when similar kinetics studies were performed with Pre-LS-4, its emission 

intensity decreased significantly in the first 1 h and then reached a plateau during the 

extended incubation time, suggesting that Pre-LS-4 does not follow the same behavior to 

detect Aβ42 oligomers as LS-4, while also showing a limited Aβ fibril-binding turn-on 

fluorescence. This result further highlights the importance of the hydrophilic azamacrocycle 

fragment for binding to the soluble Aβ42 oligomers (Figure S5a). Moreover, the Aβ 
aggregation process was also monitored with the Cu-LS-4 complex, which interestingly 

shows a similar trend as LS-4 when tracking the Aβ42 aggregation process (Figure S5b). The 

fluorescence intensity increases in line with the formation of the Aβ42 oligomers, and then 

decreases as the Aβ42 fibrils are formed in solution, indicating the Cu2+-LS-4 complex also 

has the capacity to detect the soluble Aβ42 oligomers, and this property could be used for 
64Cu PET imaging applications (see below).

Fluorescence Staining of 5xFAD Mouse Brain Sections.

To investigate further the selective binding of LS-4 and Pre-LS-4 to the various Aβ 
species, these compounds were used in ex vivo fluorescence imaging studies. The brain 

sections of 7-month old 5xFAD transgenic mice, which rapidly develop severe amyloid 
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pathology,62 were stained with LS-4 and then sequentially stained with either Congo Red 

(a well-known fluorescent dye)63 or immunostained with the HJ3.4 antibody, which can 

bind to a wide range of Aβ species,64 or with an Aβ oligomer-specific monoclonal antibody 

(OMAB), which specifically binds to Aβ oligomers.21,22,65,66 A strong fluorescence signal 

was detected upon staining of the 5xFAD mouse brain sections with LS-4 (Figure 5, left 

panels), with an excellent colocalization with the immunofluorescence of OMAB (Pearson’s 

correlation coefficient of 0.89). For the brain sections immunostained with HJ3.4, the 

colocalization of the LS-4 signal was also high (Pearson’s correlation coefficient 0.78), 

since the HJ3.4 antibody can bind to a wide range of Aβ species. These results indicate that 

LS-4 could probe both the Aβ oligomers and fibrils in AD brain sections. By comparison, 

when the brain sections were treated with Pre-LS-4, the fluorescence images show the 

colocalization between the compound and HJ3.4 antibody is much lower than that for LS-4 

(Figure S6). This result also suggests that the TACN azamacrocycle is essential for Aβ 
binding, which is consistent with the in vitro fluorescence turn-on studies. The brain sections 

from 5xFAD mice of different ages considered as early (3-month old), middle (7-month 

old), and late stage (11-month old) were used to perform the staining studies. These images 

show that LS-4 can efficiently and clearly label amyloid plaques for all three different 

ages, while for Pre-LS-4 the fluorescence intensity is significantly lower under the same 

conditions as LS-4 (Figure S7). To explore further the affinity of the Cu2+-LS-4 complex 

toward the Aβ aggregates, the 5xFAD mouse brain sections were stained with the Cu2+-LS-4 

complex followed by either Congo Red staining, or HJ3.4 antibody staining, or OMAB 

antibody staining. The fluorescence images show that the Cu2+-LS-4 complex has fairly 

good colocalization with Congo red, HJ3.4, and OMAB, indicating that Cu2+-LS-4 exhibits 

the ability to selectively bind Aβ species ex vivo, similarly to LS-4 (Figure S8). This lends 

further support to the possibility of using 64Cu-LS-4 as a 64Cu PET imaging agent for 

amyloid plaques in AD (see below).

Trolox Equivalent Antioxidant Capacity Assays.

Trolox-Equivalent Antioxidant Capacity (TEAC) assays were employed to evaluate the 

antioxidant ability of the Pre-LS-4 and LS-4 compounds, both of which contain a 

2-methoxyphenol group. The TEAC assays have been widely used for measuring the 

antioxidant activity of foods by monitoring via UV–vis the disappearance of the ABTS+• 

radical cation.67 Trolox, a water-soluble analogue of vitamin E, has strong antioxidant 

properties and was used as a standard.68 In addition, Pre-LS-4 and LS-4 were also compared 

with glutathione, which has an appreciable antioxidant ability and plays a fundamental 

role in detoxification of ROS.69 Interestingly, both Pre-LS-4 and LS-4 show very good 

antioxidant capacity compared to Trolox (Figure 6), indicating that both compounds can 

quench the radical species efficiently and protect the cells from oxidative stress, likely due to 

the electron-rich 2-methoxyphenol fragment present in both compounds.

Cu2+-Induced Ascorbate Consumption Assays.

It is known that the Cu2+-Aβ42 species can promote the formation of ROS that have 

deleterious effects in AD.70 Herein, we employed an ascorbate consumption assay to 

evaluate the ability of LS-4 to suppress the Cu2+-ascorbate redox cycling. In the absence 

of LS-4, the consumption of ascorbate in the presence of Cu2+ is rapid (Figure 7a, black). 
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However, if Cu2+ is premixed with 2 eq of LS-4, the ascorbate consumption is almost 

completely abolished (Figure 7a, red), indicating that LS-4 can bind tightly to Cu2+ and 

mitigate the redox cycling. Furthermore, with the addition of LS-4 into the Cu2+-ascorbate 

solution, the consumption of ascorbate can be arrested immediately and significantly (Figure 

7a, blue), showing that the LS-4 can efficiently regulate the redox process. We also 

performed the ascorbate consumption assay in the presence of Aβ42, mimicking conditions 

that are more relevant to those in AD. In comparison with that in the Cu2+-Aβ42 species, 

addition of 2 eq LS-4 leads to a significant inhibition of ascorbate consumption (Figure 7b), 

suggesting that LS-4 can bind strongly to Cu2+ and silence the Cu2+-ascorbate redox cycling 

in the presence of Aβ42 species.

These results show that LS-4 can efficiently chelate Cu2+ to prevent its reduction by 

ascorbate, even in the presence of the Aβ species, and thus inhibit the formation of ROS 

upon redox cycling. By comparison, the addition of Pre-LS-4 does not affect the rate of 

ascorbate consumption via Cu2+-ascorbate redox cycling (Figure S9), as expected since 

Pre-LS-4 is missing the metal-chelating triazamacrocycle fragment.

Attenuation of Copper-Induced Aβ42 Cytotoxicity by LS-4.

Since the Cu2+-Aβ42 species were shown to be neurotoxic,71 it is important to develop novel 

metal-chelating compounds that can control the Cu2+-induced Aβ42 cytotoxicity. In this 

respect, we investigated the effect of LS-4 to alleviate the neurotoxicity of Cu-Aβ42 species 

in N2a cells by using the Alamar blue cell viability assay.72 Interestingly, in the presence of 

both Aβ42 and Cu2+, LS-4 can rescue the viability of N2a cells and significantly alleviate 

the neurotoxicity of Cu2+- Aβ42 species (Figure S11). Overall, the above antioxidant, redox 

cycling, and cytotoxicity studies suggest that LS-4 could be a useful modulator of the 

oxidative stress and ROS formation promoted by the Aβ42 species in the context of AD.

Treatment of 5xFAD transgenic mice.

The BBB permeability of promising compounds is highly crucial for any in vivo 
applications. In order for the compounds to penetrate the BBB, their lipophilicity (i.e., logP 

or logD values) should be within the 0.9–2.5 range.73 Since the structure of LS-4 contains 

a hydrophilic azamacrocycle fragment, it is important to confirm that LS-4 still possesses 

enough lipophilicity to cross the BBB. The lipophilicity of the compounds was determined 

by measuring the octanol/PBS (pH 7.4) partition coefficients logD. For Pre-LS-4, a higher 

logD value of 1.22 ± 0.04 was found, while LS-4 exhibits a logD value of 0.98 ± 0.13, 

suggesting that LS-4 should still be able to cross the BBB. Encouraged by this result, 

LS-4 was administered daily (1 mg/kg of body weight) to 7-month old 5xFAD mice for 

10 days via intraperitoneal injection. The brain sections of the LS-4-treated mice displayed 

a remarkably strong fluorescence for the accumulated LS-4 binding to the Aβ species 

(Figure 8, left panel). Fluorescence and immunohistochemical staining was employed to 

confirm the Aβ-binding specificity of LS-4. First, the LS4-treated 5xFAD brain sections 

were stained with Congo Red, which is known to stain the mature amyloid fibrils,63 and 

the colocalization images show LS-4 can label a wider range of Aβ species than Congo 

Red (Figure 8, top panel). Then, the brain sections were immunostained with the pan-Aβ 
antibody HJ3.4, which can recognize a wide range of Aβ species,64 and the fluorescence 
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images show that the HJ3.4-stained regions are slightly larger than the LS-4-stained regions, 

although an appreciable colocalization was observed (Figure 8, middle panel). Finally, brain 

sections were treated with OMAB that can stain the Aβ oligomers specifically,65 and these 

images demonstrated that LS-4 exhibits excellent colocalization with OMAB, supporting 

that LS-4 has the ability to bind the soluble Aβ oligomers (Figure 8, bottom panel). 

Consequently, all these data strongly support that LS-4 can efficiently penetrate the BBB 

and bind to both Aβ oligomers and fibrils, which is consistent with the ex vivo studies.

In Vivo Regulation of Aβ Species.

To evaluate the in vivo therapeutic efficacy of LS-4, we have administered the LS-4 

compound daily (1 mg/kg of body weight) to 5xFAD mice via intraperitoneal injection 

for 30 days. Since the amyloid plaques began to deposit in the deep cortex and subiculum of 

5xFAD mice starting as early as 2 months of age,62 3-month old 5xFAD mice were selected 

that contain multiple forms of Aβ species, including Aβ monomers, soluble Aβ oligomers, 

intraneuronal Aβ aggregates, and amyloid plaques.74 Other 5xFAD mice were treated with 

the vehicle (1% DMSO in PBS) daily as the control group. After the 30-day treatment, the 

brains were harvested and 50 μm thick brain sections were obtained. For the quantitative 

analysis of all amyloid aggregates, immunostaining with the CF594-HJ3.4 antibody was 

performed for the treated 5xFAD mice brain sections. We have quantified the amyloid 

plaques in the brain sections by analyzing the area of the antibody-stained plaques of 8 

brain sections per mouse that were sliced from uniformly distributed locations between the 

frontal lobe and the occipital lobe (Figure 9a). For each brain section, 5 regions throughout 

the cortex area were randomly selected and the areas of antibody-stained amyloid plaques 

were quantified. The fluorescence images show that the areas of HJ3.4-labeled amyloid 

aggregates were significantly reduced by 60% in the LS-4-treated brain sections vs the 

vehicle-treated 5xFAD mice brain sections (Figure 9b). To confirm the ability of LS-4 to 

modulate the Aβ aggregation process in vivo, the total amount of cerebral Aβ40 and Aβ42 

peptides were quantified by using and Aβ enzyme-linked immunosorbent assay (ELISA). 

Importantly, the amount of PBS-soluble and guanidine-soluble Aβ42 peptide was reduced 

significantly by 66% and 72%, upon treatment with LS-4 vs vehicle, respectively (Figure 

9c). In addition, the levels of guanidine-soluble Aβ40 peptide also drastically decreased by 

76% (Figure S12). Overall, these results indicate that LS-4 is able to significantly delay and 

mitigate the aggregation of Aβ species in 5xFAD mice via strong interactions with both Aβ 
oligomers and fibrils.

Attenuation of Aβ-Induced p-Tau Aggregation and Neuroinflammation in 5xFAD Mice.

Recently, several clinical trials focusing on Aβ-targeting therapeutics have failed,75,76 

and the amyloid cascade hypothesis is being re-evaluated and new therapeutics are now 

focusing on additional pathologies such as p-tau aggregation and neuroinflammation. 

Therefore, it has been proposed that therapeutic agents targeting also the tau pathology and 

neuroinflammation could be more effective than Aβ-targeting-only therapeutics, since tau 

hyperphosphorylation and p-tau aggregates are more closely correlated to the cognitive and 

clinical symptoms of AD than the amyloid plaques formation. However, the amyloid plaques 

have been shown to facilitate the initial p-tau aggregation surrounding the amyloid plaques 

and the spread of formation of the intracellular neurofibrillary tangles (NFT).77,78 Therefore, 
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we investigated the effect of LS-4 on the aggregation of p-tau protein and the activation of 

microglia as a neuroinflammatory response. Although the 5xFAD mouse model does not 

exhibit an obvious tau pathology, a substantial amount of extracellular p-tau aggregates are 

still observed in the cortex and hippocampus regions of the 5xFAD mice.79 Therefore, a 

fluorescently labeled AT8 antibody, which can specifically recognize the p-tau aggregates, 

was employed to immunostain the p-tau aggregates surrounding the amyloid plaques and 

allow for their quantification (Figure 10a). We found that the amount of p-tau aggregates 

surrounding the amyloid plaques were significantly decreased by 47% in the LS-4-treated 

vs vehicle-treated 5xFAD mice (Figures 10b, S13). This result is exciting, since recent 

amyloid-targeting immunotherapies showed the Aβ specific antibodies efficiently reduce 

the Aβ deposition, yet they have no effect on p-tau aggregation in vivo.80–83 Although 

the role of Aβ species in the initial p-tau aggregation and the formation of intracellular 

NFT is still not clear, these results suggest that LS-4 decreases the amount of p-tau 

aggregates surrounding the amyloid plaques. Since it was shown that soluble Aβ oligomers 

and Aβ fibrils can bind to and activate the microglial cells via cell-surface receptors to 

initiate a neuroinflammatory response and inducing neuron injury in AD, it is important to 

evaluate the level of activated microglia cells in AD mice.84,85 Therefore, the CF594-labeled 

ionized calcium-binding adapter molecule 1 (Iba1) antibody86 was employed to detect via 

immunofluorescence staining the Iba1 protein, which is specifically expressed in microglia 

cells. Strikingly, the amount of Iba1 was significantly reduced near the amyloid plaques 

upon treatment with LS-4, with the fluorescence intensity of Iba1 antibody being reduced by 

52% vs the vehicle-treated 5xFAD mice (Figures 10c, S14), indicating LS-4 could suppress 

the activation of microglia cells to alleviate the neuroinflammation in 5xFAD mice. These 

results further support that LS-4 can regulate the Aβ aggregation process and alleviate the 

Aβ-induced neurotoxicity, leading to the attenuation of neuroinflammation mediated by 

microglia activation near the amyloid plaques.

Docking studies and MD simulations.

To gain molecular insight into the nature of the interactions of LS-4 with the Aβ aggregates, 

molecular docking and MD simulations87,88 were performed to characterize the binding 

of LS-4 to both soluble Aβ oligomers and Aβ fibrils. First, LS-4 and Pre-LS-4 were 

docked onto the NMR-resolved Aβ fibril structure (PDB ID: 2LMN)89 as well as onto the 

recently reported NMR/MD structure of the lipid membrane-bound Aβ42 octamer (PDB 

ID: 6RHY).47 Interestingly, analysis of large ensembles of tens of thousands of poses 

of the two compounds docked onto the two protein structures show that LS-4 mainly 

occupies the two ends of the fibril in a partially inserted configuration (Figures 11a, 

S15a), whereas Pre-LS-4 can be evenly distributed in the entire fibril cavity (Figures 11b, 

S15b). This docking result also lends support that compound LS-4 can efficiently restrict 

the fibril formation in vivo probably due to the preferential binding to the fibril ends of 

LS-4 to mitigate the Aβ elongation process. In contrast to the Aβ fibril, there is almost 

no difference in the occupancy map of LS-4 and Pre-LS-4 for the Aβ oligomer (Figure 

S16). MD simulations were performed for the most energetically favorable poses, followed 

by interaction energy calculations of the two compounds and the two protein structures. 

Although the van der Waals interaction energies between Pre-LS-4 and LS-4 with the 

Aβ fibril are very similar, the presence of the TACN azamacrocycle in LS-4 increases 
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the electrostatic coupling originating from the interactions between the amine groups and 

ASP23 of the Aβ peptide (Figure 11c), while multiple nonpolar amino acids such as PHE19, 

ALA21, ALA30 and ILE32 are surrounding the phenyl-vinylene fragments for both LS-4 

and Pre-LS-4. Moreover, similar to the LS-4-Aβ fibril interactions, LS-4 provides stronger 

electrostatic interactions than Pre-LS-4 with the Aβ oligomer embedded into the lipid 

bilayer (Figure S17). In this case, a membrane curvature occurs as a result of hydrophilic 

side chains attracting water and lipid head groups, forming water pores and causing nearby 

lipids to curve along the water pores. Although the planar portion of LS-4 and Pre-LS-4 both 

intercalate in between the octamer leaflets, interaction energy analysis finds that the TACN 

azamacrocycle in LS-4 experiences electrostatic stabilization via the curved, neighboring 

lipid head groups (Figure S17a). This effect allows LS-4 to make favorable electrostatic 

interactions with the solvent and the lipid head groups, which is completely absent for 

Pre-LS-4 (Figure S17b, c), further supporting the amphiphilic nature of LS-4. Overall, 

these detailed computational studies strongly support our hypothesis that such amphiphilic 

aromatic-azamacrocyclic compounds have the potential of exhibiting increased affinity for 

the soluble Aβ oligomers, as well as their ability to likely interact in vivo with the Aβ 
aggregates and lipid membranes and thus control their neurotoxicity.

LogD Determination of the 64Cu-LS-4 Complex.

Several studies have reported that Aβ-targeting bifunctional chelators can be utilized as 

potential 64Cu PET imaging agents for AD.90–94 With the introduction of the hydrophilic 

metal-chelating azamacrocycle, the developed amphiphilic compound LS-4 could serve as 

a bifunctional chelator. Given the promising results from the ex vivo studies using the 

nonradioactive Cu-LS-4 complex, we set out to explore whether the radioactive 64Cu-LS-4 

complex could be used as a potential PET imaging agent for AD. First, the radiolabeling 

of LS-4 was performed using 64CuCl2, and the radio-HPLC trace shows that LS-4 can 

efficiently chelate 64Cu (Figure S18). Since an imaging agent aimed at detecting the Aβ 
species for AD diagnosis needs to be able to cross the BBB, the lipophilicity of the 64Cu 

complex was determined by measuring the octanol-PBS partition coefficient logD. The 

obtained logD value of 1.07 ± 0.13 for the 64Cu-LS-4 complex indicates that the compound 

is sufficiently hydrophobic to cross the BBB.73

Ex Vivo Autoradiography Studies.

Given the promising lipophilicity of the 64Cu-LS-4 complex, ex vivo autoradiography 

studies were performed with 10-month old 5xFAD and WT mouse brain sections to 

determine if 64Cu-LS-4 can bind to the amyloid species specifically. The 5xFAD mouse 

brain sections treated with 64Cu-LS-4 showed a significantly stronger autoradiography 

intensity than the WT mouse brain sections (Figure 12), and the autoradiography intensity 

was diminished in the presence of a nonradioactive, Aβ-binding blocking agent 2-(4-

hydroxyphenyl)benzothiazole,92 thus confirming a specific binding to the Aβ species. 

Consequently, the auto-radiography studies suggest that 64Cu-LS-4 can specifically bind 

to the amyloid plaques, which is also consistent with the ex vivo fluorescence brain section 

staining with the Cu-LS-4 complex, and supporting its ability to detect various Aβ species in 
vivo.
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Biodistribution Studies.

Inspired by the promising in vitro and ex vivo studies, we performed in vivo biodistribution 

experiments to explore the pharmacokinetics of 64Cu-LS-4 by using 5xFAD mice and 

age-matched WT mice. Notably, the 64Cu-LS-4 complex displayed an appreciable brain 

uptake of 0.75 ± 0.10%ID/g at 2 min postinjection for the WT mice, which decreased 

to 0.18 ± 0.02%ID/g at 1 h, thus indicating that 64Cu-LS-4 can cross the BBB and then 

is washed out rapidly for the brains of WT mice. In AD mice, the 64Cu-LS-4 complex 

exhibits a brain uptake 0.79 ± 0.06%ID/g at 2 min postinjection, and the brain uptake at 

1 and 4 h (0.39 ± 0.02% ID/g) are still detected, which is significantly higher than for the 

WT mice (Figure 13a). This is most likely due to the binding of the 64Cu-LS-4 complex 

to the amyloid plaques in the 5xFAD mouse brains. Ex vivo autoradiography studies of 

the brain sections performed at each time point confirm that that the 5xFAD mouse brains 

exhibit higher autoradiography intensity than WT mouse brains at both 1 and 4 h time 

points, confirming that 64Cu-LS-4 can penetrate the BBB and label the amyloid species 

specifically, and thus leading to the delayed washout of 64Cu-LS-4 from the 5xFAD mouse 

brains (Figure 13b). Overall, these biodistribution studies suggest that 64Cu-LS-4 displays 

the ability to specifically bind the various Aβ species in vivo. However, since the brain 

uptake of 64Cu-LS-4 is still relatively low, further compound development would be needed 

to improve the brain uptake for the development of 64Cu PET imaging agents for AD.

CONCLUSION

Herein, we report the development of a novel amphiphilic compound, LS-4, that contains 

an unsymmetric, hydrophobic distyrylbenzene fragment, which has not been used previously 

for amyloid-binding studies, and a hydrophilic triazamacrocycle fragment that can interact 

with the polar residues of the Aβ species. Notably, LS-4 exhibits uncommon fluorescence 

turn-on and high binding affinity for Aβ aggregates, especially for soluble Aβ oligomers. 

Moreover, upon the administration of LS-4 to 5xFAD mice, fluorescence imaging of the 

LS-4-treated brain sections reveals that LS-4 can penetrate the BBB and bind to the Aβ 
oligomers in vivo. The treatment of 5xFAD mice with LS-4 significantly reduces the amount 

of both amyloid plaques and associated p-tau aggregates vs the vehicle-treated 5xFAD 

mice, while microglia activation is also reduced. Finally, taking advantage of the strong 

Cu2+-chelating property of the azamacrocycle, we performed a series of PET imaging and 

biodistribution studies that show the 64Cu-LS-4 complex binds to the amyloid plaques and 

can accumulate to a significantly larger extent in the 5xFAD mice brains vs the WT controls. 

Overall, these in vitro and in vivo studies provide a detailed molecular understanding and 

clearly illustrate that the novel strategy to employ an amphiphilic molecule containing a 

hydrophilic fragment attached to a hydrophobic amyloid fibrilbinding fragment can increase 

the binding affinity of these compounds for both soluble and insoluble Aβ aggregates, and 

can thus be used to detect and regulate various Aβ species in AD.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design strategy and structure of the amphiphilic compound LS-4. The Aβ fibril-interacting 

hydrophobic region of LS-4 is shown in red and the hydrophilic metal-chelating 

azamacrocycle is shown in blue. The Aβ binding framework contains fragments resembling 

the PET imaging agent [18F]florbetaben (light blue) approved by the U.S. Food and Drug 

Administration, the widely used amyloid dye DF-9 (green), as well as the 2-methoxy-phenol 

fragment reminiscent of ovanillin that can inhibit the formation of Aβ oligomers and also 

exhibits antioxidant properties (black).
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Figure 2. 
Fluorescence turn-on effects of LS-4 and Pre-LS-4 with Aβ42 oligomers and fibrils. (a) LS-4 

(black), Aβ42 oligomers + LS-4 (red) and Aβ42 fibrils + LS-4 (blue); (b) Pre-LS-4 (black), 

Aβ42 oligomers + Pre-LS-4 (red) and Aβ42 fibrils + Pre-LS-4 (blue). [Aβ42] = 25 μM, 

[LS-4] = [Pre-LS-4] = 5 μM, excitation wavelength = 380 nm in pH = 7.4 PBS buffer.
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Figure 3. 
Direct binding Kd measurements for LS-4 with Aβ42 oligomers (left) and fibrils (right). 

Each experiment was completed in duplicates, and the error bars represent the standard 

deviation (n = 3) for the average normalized fluorescence intensities. All data points include 

error bars, and some of the error bars are smaller than the square symbol.

Sun et al. Page 21

J Am Chem Soc. Author manuscript; available in PMC 2022 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Monitoring of the aggregation of Aβ42 at different time points with LS-4 (blue) and ThT 

(red). The fluorescence intensities of ThT (λex = 435 nm) and LS-4 (λex = 380 nm) were 

recorded at 485 and 470 nm, respectively. Conditions: [Aβ] = 25 μM, [ThT] = [LS-4] = 5 

μM. The peptides were incubated in pH = 7.4 PBS buffer at 37 °C with shaking at 1000 rpm 

for 48 h. The error bars represent the standard deviation (n = 3) for the average normalized 

fluorescence intensity.
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Figure 5. 
Fluorescence microscopy images of 5xFAD mouse brain sections incubated with LS-4 (left 

panels), Congo Red, HJ3.4, or OMAB (middle panels), and merged images (right panels). 

[LS-4] = 25 μM, [Congo Red] = 5 μM, [HJ3.4] = 1 μ/mL, [OMAB] = 2 μ/mL. LS-4 

has significant colocalization with the amyloid species stained with Congo Red, the HJ3.4 

antibody, or OMAB. Scale bar: 125 μm.
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Figure 6. 
Trolox-equivalent antioxidant capacity (TEAC) values at 1, 3, 6, and 15 min for glutathione 

(GSH), LS-4, and Pre-LS-4. The TEAC values of glutathione, LS-4 and Pre-LS-4 are 

normalized to the antioxidant activity of Trolox (shown by the dashed line). Each 

experiment was completed in triplicate, and the error bars represent the standard deviation (n 
= 3) for the average TEAC values.
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Figure 7. 
Kinetics of ascorbate consumption monitored by UV–vis at 265 nm. (a) Cu2+ + ascorbate 

(black), Cu2+ + LS-4 + ascorbate (red), Cu2+ + ascorbate + LS-4 (blue); (b) Cu2+ + Aβ42 + 

ascorbate (black), Cu2+ + Aβ42 + LS-4 + ascorbate (red), Cu2+ + Aβ42 + ascorbate + LS-4 

(blue). (b) [Cu2+] = 10 μM, [Aβ42] = 12 μM, [LS-4] = 24 μM, [ascorbate] = 100 μM.
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Figure 8. 
Representative fluorescence microscopy images of brain sections from 7-month old 5xFAD 

mice administered with LS-4 for 10 days. The brain sections were immunostained with 

Congo Red, the HJ3.4 antibody, and the OMAB antibody ([Congo Red] = 5 μM, [HJ3.4] 

= 1 μg/mL, [OMAB] = 2 μg/mL, scale bar = 125 μm). The in vivo accumulated LS-4 has 

significant colocalization with the amyloid species costained with Congo Red (Pearson’s R 

= 0.79), HJ3.4 (Pearson’s R = 0.84), or OMAB (Pearson’s R = 0.92).
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Figure 9. 
Reduction of cerebral amyloid pathology by LS-4 in 5xFAD mice. The brain tissues were 

collected from the 3-month old 5xFAD mice after 30 days i.p. injections of LS-4 or vehicle. 

(a) Representative fluorescence microscopy images of the CF594-HJ3.4 antibody-stained 

brain sections from 5xFAD mice treated with LS-4 and vehicle. Scale bar = 500 μm. (b) 

Total area of HJ3.4-staining amyloid plaques in the brain sections from 5xFAD mouse 

treated with LS-4 and vehicle. The area of antibody-stained amyloid plaques was selected 

from 8 brain sections per mice. For each brain section, five random areas across the cortex 

regions were chosen. Error bars represent the standard deviation (LS-4-treated mice, n 
= 4, vehicle-treated mice, n = 3), and the statistical analysis was evaluated according to 

one-way ANOVA (** p < 0.01). (c) The bars indicate the amount of PBS-soluble (left) 

and guanidine-soluble (right) Aβ42 peptide levels from brain tissues. Error bars represent 
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standard deviations (LS-4 treated mice, n = 5, vehicle-treated mice, n = 3), and the statistical 

analysis was evaluated according to one-way ANOVA (** p < 0.01, * p < 0.05).
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Figure 10. 
(a) Representative fluorescence microscopy images of the CF594-AT8 and CF594-Iba1 

immunostained brain sections from 5xFAD mice treated with LS-4 and vehicle. All 

fluorescence images are the maximum intensity projection images obtained from 30 Z-

sections collected at 1 μm intervals. Color: red, CF594-Iba1 or CF594-AT8 antibody; blue, 

ThS. Scale bar: 125 μm. (b) Quantification of the area of CF594-AT8 immunostained brain 

sections from 5xFAD mice. All data were obtained from 8 brain sections per mice. For each 

brain section, four random areas across cortex regions were chosen. Error bars represent the 

standard deviation (LS-4 treated mice, n = 4, vehicle-treated mice, n = 3), and the statistical 

analysis was evaluated according to one-way ANOVA (***p < 0.001). (c) Quantification 

of the area of CF594-Iba1 immunostained brain sections from 5xFAD mice. All data were 

obtained from 8 brain sections per mice. For each brain section, four random areas across 

cortex region were chosen. Error bars represent the standard deviation (LS-4 treated mice, 
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n = 4, vehicle-treated mice, n = 3), and the statistical analysis was evaluated according to 

one-way ANOVA (*p < 0.05).

Sun et al. Page 30

J Am Chem Soc. Author manuscript; available in PMC 2022 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
Detailed interactions of LS-4 and Pre-LS-4 docked onto the Aβ fibril after 100 ns 

simulations. Compounds are shown by licorice representation colored by atoms (C: cyan, N: 

blue, O: red), the water molecules and amino acid side chains within 3 Å of the compounds 

are displayed by licorice representation. Acidic, basic, polar, and nonpolar amino acid 

residues are shown in red, blue, green, and white colors, respectively, water molecules 

are colored by atoms (O: red, H: white). For 2D compound-protein interaction patterns, 

the close-by protein residues and solvent molecules are shown in proximity around the 
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compound. The compound is annotated with a proximity contour and solvent exposure 

while the protein residues are also annotated by solvent exposure. The green dotted lines 

with arrows represent H-bonding with protein side chains, whereas the purple dotted line 

highlights the presence of a salt bridge. (a) Interaction of LS-4 with the Aβ fibril; (b) 

Interaction of Pre-LS-4 with the Aβ fibril; (c) Electrostatic and van der Waals interaction 

energies of LS-4 and Pre-LS-4 with Aβ fibril, averaged over the last 25 ns of the MD 

simulations.
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Figure 12. 
(a) Autoradiography images of WT and 5xFAD mouse brain sections, in 

the presence or absence of a nonradioactive Aβ-specific blocking agent 2-(4-

hydroxyphenyl)benzothiazole.92 (b) Quantification of the signal intensity of the 

autoradiography images for the WT and 5xFAD mouse brain sections, in the presence or 

absence of a nonradioactive Aβ-specific blocking agent.
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Figure 13. 
(a) Brain uptake results (% injected dose per gram, ID/g) from the in vivo biodistribution 

study of 64Cu-LS-4 in 11-month old 5xFAD mice (green) vs age-matched WT mice (cyan), 

at 2 min, 1 h, and 4 h postinjection. Error bars represent standard deviations (n = 3), and 

the statistical analysis was evaluated according to one-way ANOVA (**p < 0.01, ****p < 

0.001). (b) Autoradiography images of brain sections from 5xFAD and WT mice at different 

time points during the biodistribution studies.
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Scheme 1. 
Synthesis of Pre-LS-4 and LS-4a

a(a) SnCl2, conc. HCl, EtOH, reflux, 3 h; (b) (CH2O)n, NaBH3CN, CH3COOH, room 

temperature, overnight; (c) 2-methoxy-4-vinylphenol, Pd(OAc)2, triethanolamine, 100 °C, 

24 h; (d) Me2HTACN, (CH2O)n, MeCN, reflux, 24 h.
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