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a b s t r a c t

Alzheimer’s disease is a neurodegenerative disease that signals for excess β-amyloid (Aβ) aggregation.

Although people have made great attempts to control the aggregation of Aβ , no effective medications

have been produced yet. Due to its excellent temporal and spatial selectivity, photodynamic treatment

has been gradually employed and interfered in the aggregation process of Aβ , with some achievement. To

enhance the research and application of photodynamic therapy in Alzheimer’s disease, this paper reviews

the progress of small-molecule photosensitizers in the treatment of Alzheimer’s disease in recent years

and outlines existing tactics and potential obstacles.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Alzheimer’s disease (AD) is a progressive and neurodegenera-

tive disease that leads to neuronal cell death and cognitive loss

[1,2] and is the most common cause of age-related dementia,

affecting more than 20 million people worldwide [3]. Previous

compounds, such as donepezil, galantamine, rivastigmine, and

memantine for the treatment of AD have limited effects [4]. In

addition, they do not prevent neuronal loss, brain atrophy, and

the progressive deterioration of cognition. So far, the cause of

Alzheimer’s disease remains unresolved. Glenner and Wong first

isolated β-amyloid (Aβ) from the brains of AD patients in 1984

[5], and the "amyloid hypothesis" has garnered the attention and

support of a growing number of scientists [6]. The hypothesis

holds that the self-assembly of Aβ and the deposition of its aggre-

gates are the main events in the pathogenesis of AD [7]. Although

the amyloid hypothesis has arguably been supported over the past

four decades by genetic, molecular, cell biological, biochemical, and

transgenic studies, it remains controversial [8]. Owing to clearance
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failure or abnormal overproduction, the level of Aβ in the brain

gradually increases, resulting in Aβ monomers self-assembling into

toxic oligomers and fibre aggregates. The body is characterized by

intracellular neurofibrillary tangles and progressive neuronal loss

[9]. Early researchers believed that Aβ-related toxicity comes from

mature amyloid plaques, while recent studies have shown that

soluble oligomers formed in the early stage of aggregation can lead

to greater neuronal damage [10]. Although the original function of

Aβ and the mechanism of neurotoxicity induced by self-assembly

have not been clarified, Aβ aggregates play a pathogenic role in

AD pathology, which has been supported by a large amount of

data and findings during the past decades [11,12]. Inhibiting Aβ
aggregation or degrading aggregates [13] is considered to be an

attractive therapeutic and preventive strategy for AD treatment

[14]. Even though researchers have made tremendous efforts

[15–17], they still face failure in clinics, mainly due to relatively

low targeting, high toxicity and side effects [18,19].

PDT is a non-invasive treatment that refers to the reaction be-

tween photosensitizers and oxygen-containing substrates (such as

oxygen and water) under specific wavelength light irradiation to

generate 1O2 or other reactive oxygen species (ROS, usually per-

oxides, free hydroxyl radicals, etc.) that can react with biological

macromolecules to effectively kill the lesion site and achieve the

purpose of treatment [20–25]. To date, PDT has been widely ap-

plied in various fields, such as tumour therapy and in vivo imaging

[26–30]. Considering its targeted, safety, low toxicity and limited
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Fig. 1. Schematic diagram of small-molecule photosensitizers in the treatment of AD.

side effects, PDT has progressively become a significant method in

clinical treatment [31–33]. For the past few years, the application

of PDT in AD has attracted widespread attention [34,35]. The uti-

lization of small-molecule photosensitizers not only has the ben-

efits of controllable construction and simple adjustment but also

causes less damage to the surrounding area during treatment than

surgery or chemotherapy. Thus, PDT has extraordinary application

potential in the treatment of AD. Recent studies have shown that

light-assisted therapy can greatly improve Aβ aggregation-induced

neurotoxicity, although it still has some challenges and difficulties

in practical application.

This paper reviews some application examples of small-

molecule photosensitizers in the treatment of AD (Fig. 1). These

small-molecule photosensitizers are divided into four groups: (i)

fullerene and its derivatives, (ii) porphyrin and its derivatives, (iii)

N or O heterocyclic compounds, and (iv) fluoroboron compounds.

Their PDT properties and possible mechanisms are introduced. Fi-

nally, certain issues and prospects of small-molecule photosensitiz-

ers in the treatment of AD are summarized to provide a reference

for the design of a new generation of molecules.

2. Small-molecule photosensitizers

2.1. Fullerenes and its derivatives

Fullerene and their derivatives as photosensitizers have great

potential in PDT treatment [36], due to its high electron affin-

ity, high surface/volume ratio [37], and high yield of 1O2 genera-

tion under UV light [38]. Therefore, some achievements have been

made in inhibiting Aβ aggregation by fullerene derivatives.

In 2010, Toshima and co-workers reported the example of

fullerene compounds degrading Aβ under light [39]. They de-

signed and synthesized compounds 1 and 2 (Fig. 2a), in which the

fullerene moiety showed high affinity for the 16–20 amino acid

residue KLVFF in the central part of the Aβ42 peptide, and the IC50

values of 1 and 2 were 35 and 192μmol/L, respectively. Therefore,

they chose compound 1 to study its inhibition of Aβ42 aggrega-

tion. The results showed that compound 1 could prevent Aβ42 ag-

gregation in a concentration-dependant manner even without light

irradiation, and the inhibition ability was improved after light irra-

diation. More importantly, transmission electron microscope (TEM)

confirmed that compound 1 could corrupt the Aβ42 monomer

as well as its aggregate under UV irradiation. Figs. 2b and c

clearly showed that in the presence of 1, the generation of high-

molecular-weight Aβ42 was efficiently inhibited. Electron param-

agnetic resonance (EPR) analysis indicated that the degradation of

Aβ42 monomers and oligomers was attributed to the reactive oxy-

gen species (ROS) produced by fullerenes and photoexcited O2.

To improve its biological solubility, Toshima and co-workers in-

troduced water-soluble units into fullerenes to obtain compounds

3 and 4 (Fig. 2d) [40]. These compounds could also degrade Aβ
under light. The binding abilities of 3 and 4 with Aβ42 were

examined by observing the inhibitory effect using a thioflavin T

(ThT) fluorescence assay, which showed that 3 had a higher affinity

for Aβ than 4. Based on this, compound 3 was selected for further

study, and the inhibitory concentration (IC50) value of compound

3 with photoirradiation was 5.9 times higher than that of without
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Fig. 2. (a) Chemical structures of fullerene photosensitizers 1 and 2. (b) Before and (c) after illumination TEM analysis of the prevention of Aβ42 fibril formation by 1.

Reproduced with permission [39]. Copyright 2010, The Royal Society of Chemistry. (d) Chemical structures of fullerene photosensitizers 3 and 4. (e) Schematic diagram of

the combination curve of ThT to Aβ42 fibrils with (red line) and without (blue line) photoirradiation in the presence of 3. Reproduced with permission [40]. Copyright 2011,

Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

photoirradiation, indicating that the Aβ42 aggregation inhibitory

ability of 3 was higher under light illumination than without

photoirradiation (Fig. 2e). Further cell experiments showed that

compound 3 could greatly control Aβ mediated cytotoxicity. Under

light conditions, the survival rate of rat phaeochromocytoma

(PC12) cells containing Aβ was greatly improved by the presence

of compound 3. The authors used fullerene-sugar hybrid degrading

Aβ42 monomer and oligomers under photo-irradiation, developing

a novel method for potential treatment in AD.

2.2. Porphyrin and its derivatives

Porphyrin and its derivatives as common photosensitizers have

the following advantages: relatively high 1O2 quantum yields and

low energy Q-bands, making them widely studied in PDT and can-

cer imaging [41].

Based on this, porphyrin was reported to regulate the formation

of Aβ40 fibers [42]. In 2014, porphyrin and its derivatives were

used to study the photodegradation of Aβ by Toshima and co-

workers [43]. They prepared compound 5 and polypeptide deriva-

tives compound 6 (Fig. 3a), which could inhibit the aggregation

of Aβ as well. Next, the binding abilities of 5 and 6 with Aβ42

were also examined by observing the inhibitory effect using the

ThT assay. The IC50 value could be attained by the plots of Figs.

3b and c, which showed that the IC50 values of 5 and 6 were

11.0 and 3.56μmol/L, indicating that both 5 and 6 had high affini-

ties for Aβ42. Then, a ThT assay was used to confirm the differ-

ence in Aβ42 aggregation-inhibitory abilities of 5 and 6 with and

without photoirradiation. These results verified that 5 and 6 in-

hibited Aβ42 aggregation with higher efficiency under light condi-

tions than without photoirradiation. It is noteworthy that the in-

hibitory ability of 6 was 45 times higher than that of compound

3, and it could not only oxidize Aβ monomers but also corrupt

their oligomers under photoirradiation. In addition, compound 6

could crucially inhibit Aβ42-mediated PC12 cytotoxicity, and the

inhibitory ability of compound 6 was 30 times that of compound 1.

Fig. 3. (a) Chemical structure of porphyrin derivatives 5 and 6. (b, c) Schematic diagram of the combination curve of ThT to Aβ42 fibrils with (red line) and without (blue

line) photoirradiation in the presence of 5 and 6. Reproduced with permission [43]. Copyright 2014, The Royal Society of Chemistry.
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Fig. 4. (a) Structure of photosensitizer 7. (b) Schematic diagram of compound 7 inhibiting Aβ protein self-assembly into fibers under light. (c) Blue LED light field exposure

device. Blue LED photosensitive TPPS is mixed with Drosophila food (right). Reproduced with permission [44]. Copyright 2015, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

On this basis, meso–tetra(4-sulfonatophenyl)porphyrin (TPPS,

compound 7) was prepared by Park and co-workers (Fig. 4a) [44].

Through a variety of photochemical analyses (including circular

dichroism, atomic force microscopy, dot plot, and native gel elec-

trophoresis), they proved that photosensitizer 7 could regulate Aβ
self-assembly into fibrils under blue LED light by generating reac-

tive oxygen species (ROS). In addition, the changes in the optical

properties of the metal in the centre of the porphyrin ring also

have different effects on the photoinhibition and toxicity of Aβ
aggregation. Moreover, the Drosophila in vivo model experiment

showed that under blue light irradiation (Fig. 4b), a variety of neu-

rodegenerative manifestations (such as locomotion defects, lifespan

reduction, vacuolization of the brain, and neuromuscular junction

morphology defects) caused by Aβ overexpression resulted in dif-

ferent degrees of remission (Fig. 4c). It was verified that compound

7 could inhibit Aβ aggregation in vitro and restore Aβ-induced

nerve injury, showing that porphyrin and its derivatives had high

potential as phototherapeutic agents for the treatment of AD.

Unlike porphyrins with 22 π electrons and 4 pyrroles, chlo-

rin e6 (Ce6, compound 8, Fig. 5a) has only 20 π electrons and 3

pyrroles on the core. Given its minimum dark toxicity, high sta-

bility, great solubility, and large singlet oxygen production quan-

tum yield, Rahimipour and co-workers found that Ce6 could bind

Aβ40 with high affinity and selectivity, dramatically enhancing its

ability to restrain Aβ aggregation and toxicity under light condi-

tions [45]. The mechanism studies showed that it was mediated

through type II photo-oxidation involving singlet oxygen. TEM was

applied to validate the strong anti-amyloidogenic activity of Ce6

under photoirradiation (Figs. 5b-d) using the Aβ samples from the

ThT assay. It was fortunate to find that ageing of monomeric Aβ
(20 μmol/L) and in the presence of Ce6 (2 μmol/L) both formed

well-defined fibrils under dark conditions. Conversely, under pho-

toaging, the mixture of Aβ and Ce6 generated aggregates with dif-

ferent morphologies, and the lengths of the aggregates were ob-

viously shorter. In the dark, Ce6 could also reverse the aggrega-

tion process of amyloid protein by binding its soluble oligomer.

HSQC NMR spectroscopy, ThT assay, amino acid analysis, SDS/PAGE,

and EPR spectroscopy were used to prove that the photocatalytic

amount of Ce6 was capable of destroying Aβ histidine residues

(H6, H13, H14) and inducing Aβ crosslinking by producing 1O2.

Next, the author tested whether Ce6 could modulate the bind-

ing ability between Cu2+ and Aβ and reduce Cu2+-induced ag-

gregation and toxicity. The ThT fluorescence control experiment

showed that the presence of Cu2+ (0.3 equiv.) accelerated the ag-

gregation process of Aβ , indicating that Cu2+ could promote the

formation of the ThT-active β-sheet structure (Fig. 5e). However,

with the addition of Ce6 (0.025 equiv.), the lag phase was extended

to approximately 22 h and reduced its aggregation, validating that

Ce6 has a higher binding ability with Aβ His-residues than Cu2+

in the early Aβ aggregation process. Next, PC12 cells were used to

evaluate the protective effect of Ce6 against Cu2+-induced Aβ tox-

icity (Fig. 5f). Under the conditions tested, the presence of Cu2+

increased the toxicity of Aβ . In addition, Cu2+ alone had no toxic

effect on cells, which was consistent with the ThT assay, suggest-

ing that Ce6 could revert the effects of Cu2+. This study demon-

strated the great potential of Ce6 as a multifunctional drug for the

treatment of AD and showed that three N-terminal Aβ histidine

residues were suitable target for specific drugs.

2.3. N or O heterocyclic compounds

N or O heterocyclic compounds such as ThT, riboflavin (vitamin

B2), rose bengal (RB), methylene blue (MB) and some other pho-

tosensitizers have been extensively studied in antibacterial and AD

photodynamic therapy, with high triplet quantum yields and low

side effects of phototoxicity [46].

In 2009, to study the mechanism of how amyloid fibrils form,

Goto’s group combined the fluorescent dye ThT (compound 9,

Fig. 6a) with total internal fluorescence microscopy (TIRFM) [47]. It

was successful to gain information about the morphology, growth

rate, and extension direction at the single fibre level in real time.

It was also found that under 442nm wavelength light irradiation,

ThT could generate 1O2 after being excited and then inhibit β2-

microglobulin (β2-m) growth or destroy K3 fibrils, in which β2-m

was a classic immunoglobulin domain composed of 99 amino acid

residues and seven β-stands [48]. Fig. 6b showed the real-time

observation of the growth of β2-m and K3 fibrils. Fluorescent

spots of seeds were observed as soon as the growth was initiated,

and the growth of β2-m fibrils was also observed. With time, the

extension of β2-m fibrils stopped. The author assumed that the

growth was inhibited by laser irradiation over time, indicating

that the growth of β2-m fibrils counted on the laser beam and

its intensity to a great extent. Next, K3 fibril growth at neutral

pH was observed, and the laser power and the duration were the
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Fig. 5. (a) Chemical structure of photosensitizer 8. (b-d) TEM images of Aβ influenced by Ce6. TEM image of Aβ incubated in the absence or presence of Ce6 in darkness or

after 1h photoirradiation following 72h of incubation in darkness. (e, f) Effects of Ce6 on Aβ aggregation and toxicity induced by Cu2+ . Reproduced with permission [45].

Copyright 2019, The Royal Society of Chemistry.

Fig. 6. (a) Chemical structure of photosensitizer 9. (b) Growth process of β2-m and

K3 fibers in the presence of ThT. (c) Relationship between fibre damage and laser

power. Copied with permission [47]. Copyright 2009, Elsevier.

same as above. At time 0, several K3 fibrils already occurred at

many sites, which implied that the short fibrils had already gener-

ated in the sample when K3 peptides were dissolved. Although K3

fibrils grew for some time, reaching lengths of several micrometres

(see image at 15min), the growth stopped at 30min. In addition,

with increasing duration, the extended fibrils disappeared (images

from 45min to 90min). This unexpected phenomenon may be

due to the laser beam causing the inhibition of fibril growth and

decomposition of the performed fibrils. To take the dependence

of laser power on destruction into account, the laser power was

varied between 8 and 80 milliwatts (Fig. 6c). As the laser power

increased, the destruction speed was faster and the range was

wider, demonstrating that the disappearance of K3 fibrils was in-

duced by the laser beam irradiation of ThT bound to fibrils. These

results indicated that the light-induced decomposition of amyloid

fibrils combined with an amyloid-specific dye in the treatment or

prevention of dialysis-related amyloidosis has a promising future.

In 2014, Kanai and co-workers selected vitamin B2 (compound

10, Fig. 7a) to catalyse the photooxygenation of Aβ [49], owing to

its potential advantages: (1) corrosion resistance of aqueous media

with molecular oxygen as the sole oxidant [50]; (2) low toxicity

of riboflavin as an organocatalyst; (3) possibility of on/off control

with harmless visible light. In order to test the oxidation capacity

of the riboflavin catalyst to Aβ under visible light irradiation,

a phosphate buffer solution (pH 7.4) containing Aβ1–42 and

riboflavin was irradiated using a fluorescent lamp at 37 °C, and the

reaction was monitored by MALDI-TOF MS (Fig. 7b), proving that

riboflavin could catalyse the oxidation of one or more of the three

amino acid residues (Tyr, His, Met) of Aβ under visible light. In

addition, the ThT assay illustrated that the fluorescence intensity

of oxygenated Aβ was much lower than that of native Aβ , indicat-

ing that oxygenated Aβ did not construct cross β-sheet aggregates

(Fig. 7c). The fluorescence intensity of cross β-sheet aggregates

increases with increased amyloid aggregation (generating a cross

β-sheet) [51]. The aggregation ability of oligomer/protofibril Aβ to

fibrils was almost completely inhibited after oxygenation, and the

neurotoxicity of oxygenated Aβ was much lower than that of nat-

ural Aβ . To improve the selective oxidation of the photosensitizer,

riboflavin was modified to target peptides to obtain compound

11. The cell viability test showed that compound 11 greatly re-

duced Aβ toxicity and improved cell survival after photooxidation

(Fig. 7d). In addition, co-treatment with oxygenated antibodies

could significantly inhibit the aggregation ability and cytotoxicity

of natural Aβ .
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Fig. 7. (a) Chemical structures of riboflavin 10 and its derivative 11. (b) MALDI-TOF mass spectra of the reaction mixture at different times after illumination. (c) ThT

fluorescence assay. (d) Photooxygenation in the presence of PC12 cells. Reproduced with permission [49]. Copyright 2014, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

Fig. 8. (a) Chemical structure of photosensitizer 12. (b) Schematic diagram of pho-

toexcited RB inhibiting Aβ aggregation. (c) CD spectra (insert: image of red, green,

and blue LEDs). (d) AFM images of Aβ42 solutions in the presence of RB under LED

illumination. Reproduced with permission [52]. Copyright 2014, Elsevier.

In 2015, by screening a variety of dyes, Park and co-workers

identified RB (compound 12, Fig. 8a), which showed a remark-

able redshift and an intense enhancement of fluorescence emis-

sion in the presence of Aβ42, showing strong affinity to Aβ42.

They reported visible light-induced inhibition of Aβ42 aggregation

by photosensitizing RB (Fig. 8b) [52]. It might be due to that a

ground state RB was boosted into a high energy state by absorp-

tion of visible light, generating 1O2 by energy transfer to O2, and

modulating Aβ aggregation. Through circular dichroism (CD) anal-

ysis (Fig. 8c), light spectrum and AFM (Fig. 8d) analysis, it was be-

lieved that green light photoexcited RB regulates Aβ42 aggrega-

tion much more strongly than RB under dark conditions and other

light. Moreover, RB could not only disturb the early steps of the

Aβ42 self-assembly pathway but also inhibit the conformational

Fig. 9. (a) Chemical structure of photosensitizer 13. (b) The viability of LAN5 cells

at different times with or without 13. (c) Microscopic images for the same samples.

Reproduced with permission [53]. Copyright 2015, The Royal Society of Chemistry.

transformation of the Aβ42 monomer and small aggregates to the

β-sheet-rich structure under green LED irradiation. In vitro cell ex-

periments also showed that light-stimulated RB effectively inhib-

ited Aβ42 aggregation and reduced Aβ42-induced cytotoxicity.

In the same year, Biagio’s group reported a new photosensi-

tizer, 1,2,4-oxadiazoles (compound 13, Fig. 9a), to interfere with Aβ
self-assembly [53]. Light stimulation of compound 13 induced the

formation of reaction intermediates and then reversed the accu-

mulation of Aβ1–40 amino acids through photoinduced electron

transfer (PET) or energy transfer (ET) mechanisms. In contrast to

previous reports, Aβ was not oxidized but reacted with a photo-

sensitizer to form an active species and then crosslinks with an-

other molecule Aβ to form a non-toxic dimer and further form an
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Fig. 10. (a) Chemical structures of the TaSCAc photosensitizers 14 and 15. (b) Schematic diagram of treating AD with TaSCAc photosensitizer when the catalysts combine

with cross-β-sheet structure, the catalyst is selectively activated to photooxidize the aggregates. (c) Binding affinity of 15 with nonaggregated/aggregated Aβ1–42 validated

by quartz crystal microbalance. (d) Cell viability assay. A cell-culture medium (CM) that contained Aβ (20 μmol/L) and 15 (10μmol/L) was photoirradiated (λ=500nm) for

30 min at 37 °C in PC12 cell-seeded wells, doubly diluted with CM (final Aβ species, 10 μmol/L), incubated at 37 °C under 5% CO2 for 48 h and analysed for cell viability.

Reproduced with permission [54]. Copyright 2016, Nature Publishing Group.

oligomer. An in vitro cytotoxicity assay was conducted to study the

cytotoxicity of compound 13 and its possible influence on the for-

mation of neurotoxic Aβ1–40, and the MTS assay was performed

on the LNA5 neuroblastoma cell line. As shown in Fig. 9b, the

main toxicity was due to the sample of Aβ1–40 alone incubated

for 5h, which may only contain oligomeric species. In the pres-

ence of photo-stimulated compound 13 for 5 h, no toxic effect was

observed. After photo-stimulation for 24h, the cell viability was re-

duced, indicating that compound 13 was able to inhibit Aβ aggre-

gation under proper photoirradiation. Microscope images for the

same sample were shown in Fig. 9c, which was consistent with

the cell viability results. It is worth mentioning that this photosen-

sitive conversion of Aβ into non-toxic oligomers may be an attrac-

tive strategy for the treatment of AD.

In 2016, Kanai and co-workers reported the target state-

dependant photooxygenation catalyst 14 (Fig. 10a), which could be

active only when bound to the characteristic cross-β-sheet struc-

ture of aggregated Aβ [54]. This unique activation method was

also called the target-sensing catalyst activation (TaSCAc) method,

which could greatly inhibit the occurrence of off-target reactions

and significantly enhance the target selectivity of chemical modifi-

cations of the native protein. Fig. 10b illustrated the utilization of

the TaSCAc protocol to design an on/off switchable photooxygen-

tion catalyst. When the catalyst was combined with the cross-β-

sheet structures of aggregated amyloid proteins, the photooxygen-

tion catalyst could be selectively activated and photooxygenated

the Aβ aggregates. When compound 14 was excited by light ir-

radiation in the natural state, due to the electron-donor juloli-

dine and the electron-acceptor bromo–substituted benzothiazole,

the relaxation process was carried out through twisted intramolec-

ular charge transfer (ICT), resulting in no fluorescence emission.

However, when 14 was combined with the cross-β-sheet struc-

ture, the axial bond rotation between the donor and receptor was

hindered, interfering with the twisted ICT; thus, fluorescence was

produced successfully during relaxation. In addition, excited elec-

trons could also transform from S1 to T1 to produce 1O2. To inves-

tigate the effects of Aβ photooxygenation in the presence of living

cells, due to the toxicity of compound 14 to PC12 cells, a new cat-

alyst 15 was designed, which has no toxicity to PC12 at concentra-

tions up to 30 μmol/L. Although catalyst 15 could combine with ag-

gregated and non-aggregated Aβ1–42 (Fig. 10c), the catalyst activ-

ity of 15 was activated only when binding with the cross-β-sheet

structures of aggregated Aβ . As Fig. 10d illustrated, the cell viabil-

ity under photoirradiation was higher than that without light illu-

mination, which indicated that photooxygenation of Aβ catalysed

by 15 in the presence of the cells weakened the toxicity of na-

tive Aβ . When 15 was combined with Aβ , under light conditions,

the oxygenation reaction occured on His13, His14, and/or Met35

residues, resulting in the production of non-toxic oxygenated Aβ .

It is noteworthy that 15 only reacted with the Aβ aggregate cross-

β-sheet structure but did not react with other peptides.After oxy-

genation, the high-order structure of the protein was maintained

without affecting its physiological function. This TaSCAc concept

may inject new impetus into the design of therapeutic pho-

tooxygenation catalysts for selective removal of abnormal amyloid.

The drawback of this method was that its excitation wavelength

was only 500nm, which might limit its application to a certain

extent.

One of the remarkable advantages of MB (compound 16, Fig.

11) as a drug for the light-induced treatment of neurodegener-

ative diseases is that it can cross the blood-brain barrier (BBB)

[55]. Moreover, MB can be excited by the absorption of red light

(>630 nm). Park’s group discovered that under light conditions,

MB monomers produce 1O2 via the type II photochemical pathway,

in which the energy from triplet state MB is transferred to molec-

ular oxygen [56] and generated 1O2, inhibiting Aβ aggregation

and dissociating pre-existing aggregates. In addition, Drosophila AD

model was used to study the in vivo efficacy of photosensitized in-

hibition of Aβ42 aggregation by MB. Under dark conditions, in the

presence of MB, or under light irradiation without MB, the recov-

ery of AD model was negligible. While, under light illumination,

MB induced significantly recovery of locomotion defects and sup-

7
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Fig. 11. Schematic of in vivo and in vitro Drosophila AD models to study the thera-

peutic effect of photosensitizer 16 on protein misfolding disease. Reproduced with

permission [55]. Copyright 2017, Nature Publishing Group.

pressed Aβ42-induced toxicity in the Drosophila AD model, and in

vitro experiments likewise showed that light-stimulated MB also

had a superb effect on inhibiting neural performance (Fig. 11). MB

has been studied as a therapeutic chemical for more than a cen-

tury and is expected to be followed by more research into AD

treatment.

Anthraquinone (AQ)-based dyes have already been widely

applied to photovoltaics [57], photocatalysts [58], photoactive

peptides [59], and cell imaging [60]. Therefore, Lim’s group

[61] selected and modified a series of derivatives from 9,10-AQ

to test effective photosensitizers that could oxidatively modify Aβ
peptides and inhibit their aggregation. The AQ derivatives were

normally divided into two groups (Fig. 12a): group A (HQ, Ali, Qui

and Pur) contains a hydroxyl group on the R1 position forming a

quasi-ring with adjacent ketone and additional hydroxyl groups on

R2 and R4, or both; group B (Dan, Rhe and Alo) possesses hydroxyl

groups on both R1 and R5 forming two quasi-rings and structure

variance on R3. A previous report showed that AQ would generate

singlet oxygen (1O2) under photoactivation; thus, it was antici-

pated that AQ derivatives could oxidize amino acid residues in Aβ
and regulate Aβ aggregation (Fig. 12b). DFT calculations were con-

ducted to study the mechanism for 1O2 generation, indicating that

hydroxyanthraquinone showed excited-state intramolecular hydro-

gen transfer (ESIHT) from hydroxyl groups to the adjacent ketone

functional group in the process of photoactivation. Moreover, the

DFT calculation also verified the significance of the position of

the hydroxyl group to adjust the energy gap between S1 and T1,

which affected its ability to produce 1O2. Under light conditions,

AQ produced 1O2 and oxidizes His13, His14, and Met35 residues

to varying degrees, substantiated by the MS studies. Inhibition

experiments were also conducted employing Aβ42, and it was

fortunate to find that the addition of AQ derivatives could inhibit

the aggregation of Aβ42.

Owing to the excellent properties of AQ derivatives, their bi-

ological efficacies were worth studying. It was proven that AQ

Fig. 12. (a) Chemical structures of the AQ molecules. (b) Schematic diagram of the light-activated AQ series regulator Aβ aggregation path. (c) Schematic description of

histochemical studies and injection sites in the brain. (d) Microscopic images of the hippocampi of C57BL/6J mice injected with vehicle, Aβ42, or Alo-treated Aβ42. Copied

with permission [61]. Copyright 2021, ChemRxiv.
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Fig. 13. (a) Chemical structure of photosensitizer 17. (b) Fluorescence of CRANAD-

2 (100nmol/L) induced by Aβ aggregates (red line). CRANAD-2 alone (black line).

(c) Representative images of Tg2576 mice and control littermates at different time

points before and after iv injection of 5.0mg/kg CRANAD-2. Reproduced with per-

mission [64]. Copyright 2009, American Chemical Society.

has an excellent ability to cross the blood-brain barrier (BBB,

which was a critical factor for chemical reagents to be applied

in the brain [62]. Because of the limited solubility of 9,10-AQ in-

water, Alo was selected to examine the histochemical investiga-

tions in vivo. As illustrated in Fig. 12c, after the injection of Alo

for 15 days, brain sections were obtained. Fig. 12d showed that

the brain sample injected with Aβ42 species oxidized by photoac-

tivated Alo showed negligible oligomeric and fibrillar aggregates.

Overall, the experimental and computational research illuminates

that through the hydrogen bond modulation of ESIHT-based photo-

sensitizers, it successfully inhibited Aβ aggregation and possessed

bright prospects in AD treatment.

2.4. Fluoroboron compounds

Fluoroboron (bodipy), as a typical fluorescent dye, has the fol-

lowing characteristics: low dark toxicities, high extinction coeffi-

cients, and low photobleaching quantum yields [63]. The addition

of heavy halogen atoms to pyrrole ring increases the triplet yield

[46] and improve PDT performance as photosensitizer molecules.

In 2009, Moore’s group designed a new compound, fluo-

roboron CRANAD-2 (compound 17, Fig. 13a), and reported its ap-

plication in vivo imaging [64]. With the ideal emission length

(λmax(em) =760nm in methanol) of CRANAD-2, an in vitro test was

conducted. When compound 17 entered the brain and combined

with Aβ40, the fluorescence intensity greatly increased up to 70-

fold and showed a 90nm blueshift and a large increase in quan-

tum yield (Fig. 13b), displaying a “turn on” phenomenon. Through

blood-brain barrier penetrating test, CRANAD-2 showed great BBB

penetrating ability. Next, to prove the feasibility of compound 17

as an NIR imaging probe, transgenic 19-month-old Tg2576 mice

carrying transgenic Aβ were used, and wild-type littermates were

used as controls. As Fig. 13c showed, after injection of compound

17, plaques were observed in the brains of transgenic mice. How-

ever, there were no plaques found in wild-type littermates. These

results indicated that compound 17, as an NIR probe, could label

senile plaques, especially in vivo.

Based on previous research on CRANAD-2, Kanai’s group de-

signed and synthesized a series of fluoroboron compounds as pho-

toactivatable oxygenation catalysts of Aβ (Fig. 14a) [65]. A bromine

was introduced to CRANAD-2 to enhance the generation of singlet

oxygen (1O2), allowing for Aβ oxygenation. Then, julolidine and

perfluoroalkyl borate fragments were used as electron donor and

acceptor components, respectively, to fulfil excitation with longer

wavelength light. Moreover, a carboxyl group was introduced to

improve the solubility. Amongst all catalysts, compound 18 exhib-

ited the highest photooxygenation of Aβ aggregates under 780-nm

Fig. 14. (a) Schematic diagram of photosensitizer 18 in the treatment of AD. (b, c) Catalytic photooxygenation of Aβ by catalyst 18 in the living brain of an AD-model mouse.

Reproduced with permission [65]. Copyright 2018, Elesevier.
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Fig. 15. (a) Chemical structure of photosensitizer 19. (b) Experimental scheme of the in vitro fibril formation assay. (c) The sequential transition of tau fibrils measured by

ThT fluorescence. (d) The amount of tau fibrils at 3 h of incubation measured by ThT fluorescence. Reproduced with permission [66]. Copyright 2019, The Royal Society of

Chemistry.

light irradiation. Next, viscosity dependence experiments, DFT cal-

culations, MALDI-TOF MS, and other experiments were conducted

to demonstrate that catalyst 18 furnished a cross-β-sheet-sensing

activation property and exhibited high selectivity towards aggre-

gated Aβ . To examine the biocompatibility of catalyst 18, in vivo

experiments on mice were carried out. Fig. 14b showed that af-

ter injection of catalyst 18 into the right hippocampus and irradi-

ation with 780-nm light for 30min, this procedure was repeated

seven times over 7 days. As a result, with photooxygenation, the

concentration of Aβ1–42 in the right hippocampus was apparently

lower (47% reduction, Fig. 14c) than that on the left side. Con-

sequently, catalyst 18 could induce photooxygenation in the hip-

pocampus of living mice, reducing Aβ1–42 levels in the brain. No-

tably, the bioavailability of PDT was greatly improved compared

with that in previous work.

In addition to Aβ , the severity and distribution of neurofib-

rillary tangles formed by tau amyloid are known to be associ-

ated with decreased cognitive ability. However, the oxidation ac-

tivity of compound 18 to tau protein was relatively low, as demon-

strated by the photooxygenation experiment. Therefore, catalyst

19 (Fig. 15a) was designed to effectively photo oxidize tau amy-

loid [66]. Through structural modifications, the maximum absorp-

tion wavelength of 19 could reach 652nm. First, the photooxi-

dation of tau protein by catalyst 19 was studied using the wild

type recombinant tau repeat domain (RDWT). MALDI-TOF-MS and

HPLC were conducted to prove that photocatalyst 19 was on/off

switchable by binding/nonbinding to aggregated tau amyloid. Next,

to analyse the influence of tau photooxidation on its aggrega-

tion process, ThT was utilized in measuring aggregation prop-

erties (Fig. 15b), in which the ThT fluorescence intensity illus-

trated the amount of cross-β-sheet. As shown in Figs. 15c and d,

the ThT fluorescence intensity of recombinant photo-oxygenated

RDWT utilizing 19 (light+ catalyst) was prominently lower than

that of the native RDWT (light or catalyst), indicating that there

were no fibrils generated by the photo-oxygenated tau RDWT. Both

in vivo and in vitro experiments showed that the photooxidation

of the catalyst substantially reduced the propagation activity of

tau, resulting in the inhibition of the formation of tau amyloid

in vitro [67].

3. Summary and prospects

The assembly of Aβ peptides into cross-β-sheet aggregates is a

critical hallmark of AD [68–72]. However, the exact mechanism by

which this aggregation leads to a decline in brain function has not

yet been exemplified. Through tremendous efforts scientists have

made over the past decade, inhibiting Aβ aggregation may be an

essential and effective approach for the treatment of AD. Due to

its high spatiotemporal selectivity and minimal invasiveness, PDT

is an excellent candidate for use as a component in the exploration

stage of AD. As shown in Table 1, this paper reviews the research

progress of PDT small-molecule photosensitizers in the treatment

of AD, including three types of photosensitizers, their correspond-

ing excitation wavelengths, and targeted Aβ peptides.

With research progress, researchers have developed highly se-

lective, infrared-absorbing, and non-toxic small-molecule photo-

sensitizers. The photosensitizers also evolved from the cellular

study to the mouse experiment and from non-targeted therapy

to targeted therapy, which laid a solid foundation for the further

study of PDT treatment of AD. However, the relatively complex

physiological environment of the human body is a challenge for

the application of small-molecule photosensitizers at the clinical

level, which has limited the ability of researchers to obtain these

results. Since Aβ aggregates in AD patients exist in the deep brain,

the content of human amyloid may be much lower than that in AD

model mice. To tackle these realistic problems, first, the design of

photosensitizers with lower toxicity and better efficacy would be

helpful [73–75]. Second, in-depth research on amyloid in the hu-

man brain is also needed. Fortunately, through more than a decade

of research, PDT treatment of AD has gradually become a promis-

ing field despite many challenges. The study of photosensitive in-

hibition of Aβ self-assembly is still in its infancy, and we are con-

vinced that PDT treatment of AD will be realized in the near fu-

ture.
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Table 1

Research status of small molecule photosensitizers in the treatment of AD.

Photo-sensitizer Year of

publication

Excitation

wavelength (nm)

Target Biological

model

Comments Refs.

ThT 2009 442 Aβ40 – Degradation of fibre under light [47]

Fullerene 2010 365 Aβ42 – Inhibit Aβ monomer/oligomer aggregation [39]

Fullerene 2010 365 Aβ42 PC12 Inhibition of Aβ42 mediated cytotoxicity [40]

Riboflavin T 2013 White Aβ42 PC12 Tyr10, His13, His14 and Met35 are oxygenated [49]

Porphyrin 2014 365 Aβ42 PC12 Aβ42 was degraded under light irradiation to inhibit

cytotoxicity

[43]

TPPS 2015 450 Aβ42 Drosophila A variety of neurodegenerative manifestations in AD

Drosophila model were inhibited

[44]

Rose bengal 2015 525 Aβ42 PC12 Inhibit the transformation of Aβ monomer to

β-sheet-rich structures

[52]

1,2,4-Oxadiazole 2015 260 Aβ40 LAN5 Interacts with Aβ monomer to form non-toxic aggregate [53]

ThT derivative 2016 500 Aβ42 PC12 Target sensing catalyst activation, only combined with

cross β-structure is active

[54]

MB 2017 630 Aβ42 Drosophila The excited MB has de-composition Aβ42 aggregates to

reduce cytotoxicity

[55]

CRANAD- 2018 780 Aβ42 Mouse Selective degradation aggregation of Aβ under light

irradiation

[65]

Ce6 2019 visible light Aβ40 PC12 Inhibited the aggregation and toxicity of Aβ under dark

conditions, enhancement anti-amyloidogenic activity

under illumination

[45]

CRANAD 2019, 2021 660 tau Mice Photooxidation inhibited tau amyloid seeding activity [66]

AQ series 2021 467 Aβ40/Aβ42 Excited-state intramolecular hydrogen transfer in

photo-sensitizers plays an important role in controlling

the pathological factors of AD

[61]
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