
This is an Open Access article distributed under the terms of the Creative Commons License 
Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0). 

License available: https://creativecommons.org/licenses/by-nc-sa/4.0/

© Copyright by Uniwersytet Opolski 
e-ISSN 2544-1620 Medical Science Pulse 2024 (18) 3

SYNtheSIS Of COpper COmpLexeS  
fOr pOteNtIAL uSe IN the dIAgNOSIS  

Of ALzheImer’S dISeASe

published online: 4 September 2024  reviews dOI: 10.5604/01.3001.0054.7065

A – study design, B – data collection, C – statistical analysis, D – interpretation of data, E – manuscript preparation, F – literature review, G – sourcing of funding

fatma dellal1 B,d-f

OrCId: 0009-0009-6980-4967•	

romain triaud1 B,d

OrCId: 0009-0009-7726-7997•	

Alban moyeux1 A,d,e

OrCId: 0000-0002-2242-2541•	

Olivier gager1 A,B,d,e

OrCId: 0000-0003-4134-3328•	

milena Salerno1 A,e-g

OrCId: 0000-0001-9862-1013•	

1 université Sorbonne paris Nord, umr-CNrS 7244,  
Laboratoire CB3S, 1 rue de Chablis, 93000, Bobigny, france

ABSTRACT
Background:  Since there is currently no cure for Alzheimer’s disease (Ad), it is important to develop meth-
ods that could contribute to its diagnosis and propose new therapeutic approaches for its treatment. positron 
emission tomography (pet) is a medical imaging technique that can be used to diagnose Alzheimer’s disease, 
as some radiotracers have been developed to detect amyloid plaques, one of the hallmarks of the disease. 
however, the radiotracers already used for the diagnosis of Ad have a low half-life, which limits their use over 
the time and requires the presence of a cyclotron close to the examination site. The use of copper complexes 
could be a good alternative for the development of new radiotracers, since they can be used in pet imaging 
and have a longer half-life than the other radiotracers already used for Ad diagnosis. 

Aim of the study: design and synthesize copper complexes that could be used as pet radiotracers able to 
cross the blood brain barrier and detect amyloid plaques.

Material and methods: The first objective was to design a series of new copper complexes with the capacity 
to target amyloid plaques inside the brain and contribute to the rational synthesis of such complexes. to this 
end, theoretical models were used to predict the ability of the complex to cross the blood-brain barrier (BBB) 
which separates brain from the blood and is main gatekeeper for drugs entering the brain. The models em-
ployed consider the physicochemical properties of the molecules. Based on these models, one of the molecules 
was synthesized in ten steps. The key step in the synthetic strategy was the coupling of a monopicolinate-
N-alkylated cyclam-based ligand with a moiety capable of recognizing Aβ plaques via a Buchwald-hartwig 
coupling reaction. potentiometric, spectrophotometric and electron paramagnetic resonance spectroscopic 
studies were performed to determine the structure and thermodynamic stability of the complex. In addition, 
the ability to target amyloid plaques was evaluated using brain sections from Alzheimer’s disease patients and 
the cytotoxicity was evaluated using human neuronal cells.

Results: A first complex has been designed and synthesized. The physicochemical studies performed indicate 
that this complex seems to be thermodynamically stable. In addition, cytotoxicity tests on human neuronal 
cells indicate low toxicity and labeling tests on brain sections from Alzheimer’s patients suggest that the 
complex is capable of recognizing amyloid plaques. 

Conclusions: We have developed a novel copper complex that is able to detect amyloid plaques. In the future 
this molecule could be used in pet and contribute to the diagnosis of Alzheimer’s disease. from these results, 
we also propose to develop a new copper complex for tau pet imaging.
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Background

Alzheimer’s disease (Ad) is the most common 
form of dementia and one of the leading causes of 
death in the world [1,2]. It is a neurodegenerative 
brain disease characterized by memory loss, lan-
guage problems, loss of sense of time and space, 
and impaired executive functions. These symptoms 
result from the progressive alteration or destruc-
tion of neurons. The disease is characterized by the 
presence of two neuropathological lesions: amyloid 
plaques (extracellular β-amyloid peptide aggregates) 
and neurofibrillary tangles (intracellular aggregates 
of hyperphosphorylated tau protein) [3].

Ad is a neurodegenerative disorder with no known 
cure. While treatments such as cholinesterase inhibi-
tors [4] and NmdA receptor antagonists [5] can help 
manage symptoms and improve quality of life, they 
do not halt or reverse the underlying progression of 
the disease. The u.S. food and drug Administration 
recently approved new treatments, including Aduca-
numab [6] and Lecanemab [7], for mild forms of Ad. 
however, these treatments are not able to cure the 
disease. finding a cure for Ad is currently the subject 
of intense research efforts, with a focus on disease-
modifying therapies and early detection strategies.

Nowadays, clinical observation and cognitive tests 
can provide a probable diagnosis to be made, but only 
in advanced stages of the disease. Only post-mortem 
tests can provide definitive confirmation. Neverthe-
less, medical imaging offers the possibility of early 
diagnosis, not only to establish the correct diagnosis 
(Ad causes symptoms that may be similar to those 
seen in other diseases such as Lewy body disease, 
vascular dementia, frontotemporal dementia, etc.), 
but also to adapt the treatment to the pathology, and 
thus provide better management of the care [8].

The development of radio-labeled small mol-
ecules that can enter the brain and specifically tar-
get amyloid plaques for imaging using positron 
emission tomography (pet) represents a significant 
breakthrough [9]. pet imaging using radio-labeled 
small molecules has enabled the detection of amy-
loid plaques in the brain, which participate to the di-
agnosis of Alzheimer’s disease. Several radiotracers, 
capable of detecting amyloid peptide and usable in 
pet have been developed, among them are [11C]-piB 
[9], [18f]-florbetapir [10], [18f]-flutemetamol [11] 
and [18f]-florbetaben [12]. unfortunately, the main 
limitation to the use of these radiotracers is that 
they are labeled with 11C and 18f, with half-lives (t1/2) 
of 20 and 109.7 min, respectively. Thus, these short 
half-lives make their use limited in the time and re-
quire the presence of a cyclotron near to the site of 
examination.

to overcome this problem, significant research ef-
forts have been devoted to the development of radi-

opharmaceuticals labeled with copper radionuclides 
[13] and some copper complexes have been studied 
for their potential use in the diagnosis of Ad. The use 
of 64Cu could be a promising alternative for the de-
velopment of pet radiotracers, thanks to its t1/2 of 
12.7 h. unfortunately, none of the proposed copper 
complexes proposed for the diagnosis of Alzheimer’s 
disease have reached the stage of clinical trials. One 
reason is low brain uptake. This could be probably due 
to their limited ability to cross the blood-brain bar-
rier. (BBB) [14-16].

The BBB is located between the blood and the 
brain’s extracellular space, in the endothelial cells 
of brain capillaries. These endothelial cells are dis-
tinguishable from systemic endothelial cells due 
to their increased mitochondrial content, reduced 
pinocytotic activity, and the presence of tight junc-
tions [17]. These tight junctions effectively seal the 
intercellular space, restricting paracellular transport. 
Consequently, most of the molecules should cross the 
plasma membrane of endothelial cells by passive dif-
fusion or require the presence of transport proteins.

The BBB plays a crucial physiological role in main-
taining the homeostasis and integrity of the central 
nervous system (CNS). Its ability to regulate the pas-
sage of substances from the blood into the brain is 
crucial. however, the BBB’s low permeability signifi-
cantly restricts the passage of diagnostic or therapeu-
tic synthetic molecules to the brain. It is important 
to emphasize that despite the fact that the BBB is the 
main obstacle for the entry of synthetic molecules 
into the brain, most studies related to the develop-
ment of new molecules leave out the understanding 
of the molecular mechanisms of synthetic molecules 
entry into the brain through the BBB.

Aim of the study

Our objective is to propose a rational design for 
bifunctional copper complexes that can cross the 
BBB, specifically target amyloid plaques, and be de-
tected by pet. This work could provide new and ef-
fective tools for the early diagnosis of Ad. to achieve 
this, we use theoretical calculations for in silico pre-
diction to assess BBB permeability, design the new 
molecules, propose their synthesis, physicochemical 
characterization, test their ability to specifically rec-
ognize amyloid plaques and cytotoxicity.

Material  and methods

Chemists can use models to predict the ability 
of molecules to be absorbed by the organism. These 
models take into account the physicochemical prop-
erties of synthetic molecules (size, hydrogen bonding, 
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lipophilicity...) and contribute to the rational synthe-
sis of new molecules targeting the brain. Lipinski’s 
rule is a tool used to predict the druglikeness of a syn-
thetic molecule [18,19]. According to this rule, a good 
absorption and permeability is likely if [20]:

• molecular weight is lower than 500 daltons;
• Oil/water distribution coefficient (Logp) is low-

er than 5;
• hydrogen bond donors lower than 5 (expressed 

as the sum of Ohs and Nhs);
• hydrogen bond acceptor lower than 10 (ex-

pressed as the sum of Ns and Os) .
Log BB is the logarithm of the ratio of a drug’s 

concentration in the brain to its concentration in the 
blood at equilibrium (equation 1). This value serves 
as an index of BBB permeability and is used to assess 
the potential of drug candidates for CNS indications. 
A higher log BB value indicates better penetration of 
the BBB, which means that the compound is more 
likely to reach therapeutic concentrations in the 
brain. Log BB values can be derived experimentally 
either in vivo using animals or in vitro using cellular 
BBB models [21].

Log BB = 
Concentration in the brain

Concentration in the blood

equation 1. equation for log BB

In silico prediction of BBB permeability relies on 
molecular descriptors such as size, hydrogen bonding 
and lipophilicity. This method only considers passive 
diffusion across the BBB. experimentally determined 
log BB values are correlated with various descriptors 
using mathematical models, e.g., multiple linear re-
gression, partial least squares analysis, artificial neu-
ral networks, etc. 

Several studies have evaluated the ability of mol-
ecules to cross the BBB by calculating the Log BB 
value. for our work, we decided to use the model 
proposed by Vilar and colleagues [22]. They used 307 
drugs targeting the central nervous system to devel-
op their model. In addition, all the log BBs mentioned 
in their study are for molecules where the value was 
determined in vivo, and the descriptors used in their 
models can be easily calculated. The model predicted 
the passage of molecules across the BBB with ap-
proximately 80% reliability and proposes a correla-
tion between the theoretical value of log BB and the 
prediction of whether or not molecules will cross the 
BBB. According to the authors, if the calculated value 
of log BB is greater than 0.3, the molecule will easily 
cross the BBB, while if the value is less than -1, the 
molecule would be poorly distributed in the brain.

Thus, using the predictive model mentioned be-
fore, we propose to design different molecules (lig-
ands) that allow the synthesis of the corresponding 

copper complexes. These ligands have a part capable 
of chelating copper and another part capable of rec-
ognizing amyloid plaques. 

A first complex was synthesized in ten steps. The 
key strategy of this synthesis is based on the coupling 
of a cyclic monopicolinate-N-alkylated ligand with a 
moiety capable of recognizing beta-amyloid plaques 
by a Buchwald-hartwig C-N coupling reaction. to 
define the structure and thermodynamic stability of 
complex, we have performed potentiometric, spec-
trophotometric and electron paramagnetic resonance 
spectroscopy studies in solution. The ability to recog-
nize amyloid plaques was done using sections from 
brain biopsies from Alzheimer’s disease patients and 
the cytoxicity test using Sh-SY5Y cells [23].

Results

following our strategy, we designed and synthe-
sized the bifunctional copper complex [Cu(te1pA-
ONO)]+. This complex was synthesized in ten steps. 
Solution studies revealed the structure and high 
thermodynamic stability of [Cu(te1pA-ONO)]+, 
documenting the fact that the attachment of ONO to 
te1pA does not weaken the chelating properties of 
this moiety. to assess the ability of this new complex 
to specifically detect amyloid plaques, in vitro stain-
ing of these plaques was performed on brain sec-
tions from patients with Ad. The staining with the 
copper complex was compared to the staining with 
anti-amyloid antibodies. The results show similar dis-
tribution and density of amyloid plaques using anti-
amyloid antibodies and [Cu(te1pA-ONO)]+ on brain 
sections, indicating that our copper complex is able 
to detect beta amyloid plaques. finally, since amyloid 
plaques accumulate around neurons, the cytotoxicity 
of the copper complex was tested on human neuro-
nal Sh-SY5Y cells. The results obtained indicate a low 
toxicity towards these neuronal cells [23]. The stud-
ies of the capacity of [Cu(te1pA-ONO)]+ to cross BBB 
should be conducted in the future.

Discussion

The first bifunctional copper complex proposed 
in our work is the [Cu(te1pA-ONO)]+ (23) (fig. 1). 
This complex was synthesized by coupling a monopi-
colinate-N-alkylated cyclam (te1pA) [24], moiety 
chelator of copper, with a benzofuran derivative 
(ONO) [25] capable of recognizing Aβ plaques. Be-
fore proposing this bifunctional complex, we studied 
the ability of [Cu(te1pA)]+ and ONO, respectively, to 
cross the plasma membrane. Thus, we studied the in-
tracellular accumulation of both molecules in K562 
cells overexpressing or not p-glycoprotein (protein 
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expressed at the BBB level that contributes to bar-
rier functions and is responsible for reducing the 
penetration of several drugs into the brain). Th e re-
sults obtained suggest that both molecules are able 
to cross the plasma membrane and are not substrates 
of p-gp [26,27].

[Cu(te1pA-ONO)]+ was designed and synthe-
sized based on theoretical calculations and empiri-
cal results. Th is molecule is capable of recognizing 
amyloid plaques and exhibits low toxicity to neuro-
nal cells.

encouraged by previous results, using prediction 
models, we plan to design and synthesize a new se-
ries of copper complexes based on ligands contain-
ing a copper chelate moiety coupled with diff erent 
molecules known to target amyloid plaques (fig. 2). 
Th ese new ligands should have a LogBB value greater 
than 0.3, indicating their potential ability to cross 
the BBB. In addition, they should satisfy the criteria 
of the Lipinski rule. Th e thermodynamic stability of 
the complexes will be investigated. Th is point is im-
portant to consider when developing metallic com-
plexes for human use, as high stability can prevent 

toxicity caused by loss of the metal contained in the 
synthetic molecule.

Th e use of pet to image amyloid plaques, com-
bined with tau protein imaging using this medical im-
aging technique, may further improve the specifi city 
of the diagnosis of Ad. regarding tau protein imaging, 
it has recently been proposed that the detection of tau 
by pet imaging is predictive of cognitive decline in Ad 
in domain-specifi c brain areas, providing important 
insights into the interaction between tau burden and 
neurodegeneration, which is critical for the develop-
ment of new prognostic markers that will help im-
prove the design of therapeutic trials [28,29].

using the same rationale for designing the lig-
ands for synthesizing copper complexes for pet im-
aging of amyloid plaques, other new ligands will be 
designed to develop copper complexes for pet tau 
imaging (fig. 2).

Conclusions

In this work, we use predictive models to design 
and synthesize a novel copper complex that is able 
to detect amyloid plaques and shows low toxicity to 
neuronal cells. In the future, this molecule could be 
used for the development of radiotracers that can be 
used in pet to detect amyloid plaques and contrib-
ute to the diagnosis of Alzheimer’s disease. Based 
on these results, we also propose to develop a new 
copper complex for amyloid and tau pet imaging.

Structure of [Cu(te1pA)]+

Structure of ONO

Structure ofbifunctional copper complex 
[Cu(te1pA-ONO)]+ClO4

–

figure 1. Structure of the biofunctional copper complex [Cu(te1pA-
ONO)]+(23), synthesized by coupling a monopicolinate N-alkylated 
cyclam (te1pA)(24), with a benzofuran derivative (ONO)(25)

figure 2. Schematic representation of the copper complexes  for 
amyloid plaques and tau pet imaging
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