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Neurodegenerative diseases such as Alzheimer’s disease (AD) have become a public
health problem. Progressive cerebral accumulation of amyloid protein (AB) was widely
considered as the cause of AD. One promising strategy for AD preclinical study is
to degrade and clear the deposited amyloid aggregates with g-sheet-rich secondary
structure in the brain. Based on the requirement, photo-active materials with the
specific excitation and the standardization of the photosensitizer preparation and
application in clinics, have attracted increased attention in the study and treatment
of neurodegenerative disease as a novel method termed as photodynamic therapy
(PDT). This review will focus on the new photosensitizing materials and discuss the
trend of PDT techniques for the possible application in the treatment strategy of
amyloid-related diseases.
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INTRODUCTION

Globally, especially in China, neurodegenerative diseases such as Alzheimer’s disease (AD) have
become a public health problem. Scientific studies confirmed that the abnormal aggregation of
amyloid proteins was an important cause of pathology of amyloid-related diseases. Therefore,
based on the hypothesis of B-amyloid, basic research and clinical medicine take amyloidosis
as the treatment target to inhibit and reverse the self-assembly and aggregation of amyloid
proteins. The environmental temperature (Zhang et al, 2018), pH value, and metal ions
could modulate the aggregation of amyloid proteins. A series of amyloid inhibitors were also
discovered, such as small compound molecules (Stachel et al., 2004; Reinke and Gestwicki, 2007),
nanoparticles (Liao et al., 2012; Shaw et al., 2012), and biological macromolecules (Gobbi et al,,
2010; Hadavi and Poot, 2016). In 2014, Qu xiaogang et al. found that polyoxometalate (POM)
with wells Dawson structure effectively inhibited AP fibrillization, and these compounds can
cross the blood-brain-barrier (BBB) (Gao et al., 2014). In 2019, Guo et al. discovered that the
combination of calixarene and cyclodextrin can be used to inhibit the aggregation of amyloid
protein (Xu et al., 2019). In recent years, Liu Lei’s team has successively discovered a variety of
inorganic nanomaterials, such as graphene oxide, carbon nanotubes, carbon quantum dots and
graphene-like molybdenum disulfide nanosheet (MoS;), to exhibit certain inhibition effects on the
aggregation of amyloid (Wang et al,, 2015, 2016, 2018). At present, many inhibitors of amyloid
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aggregation have been reported, but most of them are far
away from practical clinical treatment. There are still some
issues that hinder the inhibitors’ ability to be applied in
treatment of the aggregation of amyloid-related disease in vivo:
(1) the aggregation state of amyloid protein is favorable in
thermodynamics, and most of the known inhibitors of amyloid
protein can merely slow down or terminate the aggregation
process of amyloid protein but not degrade the existing amyloid
deposits without external energy input; (2) it is difficult to apply
a temporospatial control over the traditional treatment duration
and location in vivo.

Photodynamic therapy (PDT) has been put into medical
use for a long period ever since the 1960s when Lipson and
Baldes reported that porphyrin mixture containing neoplastic
tissues could emit fluorescence under ultraviolet (Kessel, 2004).
However, the porphyrin mixture named as hematoporphyrin
derivative (HpD) was later found to have a strong phototoxicity
for the tumor treatment. These early studies were quickly
expanded into preclinical and clinical studies in the 1970s. Until
now the first FDA-approved photosensitizer, Photofrin, quickly
established a series of standards of clinical application around
the world in the 1980s which laid a solid foundation of modern
PDT. In clinical practice, the patient is injected intravenously
with a photosensitizer. Then the tumor area is illuminated with
an illumination intensity 25-50 J/cm. The side effect usually
observed is a skin photosensitivity in patients which persists
for a month or so. Of late, because of the advantages including
minimal invasiveness and good temporospatial controllability,
PDT has attracted the extensive interests of the researchers for
the neurodegenerative diseases. PDT has been further applied to
inhibit the aggregation of amyloid proteins. The photosensitizers
(PS) with different excitation light play an important role in
the PDT. In this review, we describe the applications of light-
triggered agents for the anti-aggregation of A proteins. With
the development of PS and light sources, PDT applications could
be categorized into three groups: ultraviolet (UV), visible light
VIS) and near infrared light (NIR), which showed up almost in a
chronological order.

As listed in Table 1, the light-responsive agents applied in
PDT for AD with a series of light wavelengths as well as the
illumination time, varied according to the optical characteristics
of the photosensitizers.

The utilization of light-assisted therapy has attracted
substantial interests for its merits of low side effects and
compared to traditional treatments of
chemotherapy and surgery. For PDT, ultraviolet or visible
light-excited photosensitizers could bring a limited penetration
depth in the human tissues. In contrast, NIR light possesses
a superior tissue penetration depth because most human
tissues and fluids have the lowest adsorption of light within
the wavelength of 700-1100 nm. Herein, the photo-responsive
materials which can effectively absorb the NIR as an excitation
light would be attractive for therapeutic applications.

noninvasiveness

Abbreviations: PDT, Photodynamic therapy; PS, Photosensitizer; BBB, Blood-
brain-barrier; UCNP, Upconversion nanoparticle.

UV EXCITATION-BASED STRATEGY

In 2010 Yagi et al. studied the irradiation of a laser on K3
amyloid fibrils. The light irradiation destroyed the existing fibrils
and caused a partial destruction of growing fibrils. Further, a
following explosive propagation after the irradiation took place,
which was ascribed to the increment of the irradiation-induced
active ends of proteins. The fragmentation of amyloid aggregates
mainly depended on active oxygen radicals which reacted with
the backbone of amyloid peptide (Yagi et al., 2010). After that
they further combined the laser irradiation with the thioflavin
T (ThT) to degrade the amyloid fibrils, which endowed the
light irradiation specificity toward the amyloid protein deposits.
The direct observation demonstrated that amyloid fibrils were
fragmented by the laser irradiation. This result suggests the early
successful application of laser-assisted destruction of amyloid
fibrils (Ozawa et al., 2011). A similar study for anti-amyloid was
completed by a fullerene-sugar hybrid composed of photoactive
fullerene moiety and short peptide KLVFE, a core fragment of
AB42. The hybrid inhibited AB peptide monomer and degraded
the oligomers under a long-wavelength UV radiation condition,
which is the first example of PDT application in the degradation
of AB (Ishida et al., 2010). Several implications of UV-activated
photosensitizer, such as Polyoxometalate (Li et al., 2013) and
Ag-TiO; (Ahmed et al.,, 2013), achieved similar anti-amyloid
effects. All of those photosensitizers as inorganic agents could
bind and degrade AP monomers and oligomers under UV
irradiation conditions, providing typical examples of screening
and designing inorganic PDT agents for amyloid proteins.
Because the photo irradiation lowers the requirement of agent
concentration, even the toxic photo-active agents could be safe
for cells as confirmed by Polyoxometalate in cell tests. However,
the limitation of UV (invasive energy) hindered its clinical
applications. Visible light irradiation could substitute the UV
light. The mechanism of PDT by UV and VIS is quite similar,
and reactive oxygen species play an important role. In brief,
photochemical reactions of photosensitizer with light irradiation
generate various types of reactive oxygen, such as superoxide
anions and hydroxyl radicals, etc. These radicals can react with
the backbone of amyloid peptides and are responsible for the
fragmentation and degradation.

VIS EXCITATION-BASED PHOTOACTIVE
AGENTS

Mostly after 2015, in order to increase the penetration depth
and to mitigate the phototoxicity of UV, a variety of novel
photosensitizers photo-activated by the visible light were
synthesized and put into use for the inhibition and degradation of
amyloid proteins. The photoactive agents were mainly composed
of natural organic dyes (e.g., porphyrin and its derivatives) and
metal oxide photocatalyst.

In 2015, Lee et al. discovered rose bengal’s strong inhibition
effect on AP42 aggregation under a green LED. When binding
with AP it could exhibit an enhancement and a remarkable
red shift of the fluorescence emission. A mitigation effect
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TABLE 1 | Photo-active agents and their applications in the PDT for AD.

Classification Photosensitizer Publication Excitation light Target Incubation time Biological model References
time (wavelength)
Ultraviolet Fullerene-sugar hybrid 2010 UV (365 nm) AB42M, O 2h Ishida et al. (2010)
Light Polyoxometalate 2013 UV (365 nm) AB40M, O 2h PC12 Lietal. (2013)
Ag-TiO2 2013 315nm AB42M, F 0.5-2h PC12 Ahmed et al. (2013)
1,2,4-oxadiazole 2015 UV (260 nm) AB40OM 5-24h LANS Mangione et al. (2015)
Porphyrins-KLVFF 2014 UV (365 nm) AB42M, O 2h PC12 Hirabayashi et al.
(2014)
Visible Thioflavin T 2010 (442 nm) AB40F 24-40h Yagi et al. (2010)
Light Tetra(4- 2015 Blue (450 nm) AB4OF 24h Drosophila Lee et al. (2015a)
sulfonatophenyl)
porphyrin
Riboflavin 2014 White Ap42M 1-6h pPC12 Taniguchi et al. (2014)
Rose bengal 2015 Green (525 nm) AB42 M 12-24h PC12 Lee et al. (2015a)
g-C3N4 2016 White AB42M 24h PC12 Chung et al. (2016)
Polymeric micelles 2016 655nm Laser AB42M F 24h PC 12 Zhang et al. (2016)
Methylene Blue 2017 Red LED AB42F 156 min—24h Drosophila Lee et al. (2017)
CoPi@hematite 2017 white AB42M 3h PC 12 Kim et al. (2017)
Ruthenium(ll) 2017 white, red LED AB42F 24h PC 12 Son et al. (2018)
{[Ru(opy)3] 2-+}
Bismuth vanadate 2018 white LED AB42F 3h PC 12 Kim et al. (2018a,b)
2019 630Nm AB fibril 40min AD mice Yue et al. (2019)
Zn phthalocyanine 2019 665nm LED AB40F 30 min PC12 Zhan et al. (2019)
Porphyrinic 2019 450 nm AB4OF 45min C. elegans Yu et al. (2019)
metal-organic
frameworks
NIR RB/UCNP@ROS 2017 980 nm AB42 F 12h PC12 Kuk et al. (2017)
light BNaYF4:Yb/Er@SiO2@RB 2018 980 nm AB42 F 48h Zhang et al. (2019)

M, monomers; O, oligomers; F, pre-formed fibrils.

for the cytotoxicity of AP42 for PC12 cells was confirmed
in vitro (Lee et al, 2015b). At the same time, a porphyrin
derivative, meso-tetra (4-sulfonatophenyl) porphyrin (TPPS)
was reported by Byung et al. to inhibit AP aggregation under
blue light illumination. Its mitigation of the cytotoxicity of
AB was confirmed in the neuron cells and Drosophila AD
model (Lee et al, 2015a). Later in 2017 they further utilized
another dye methylene blue (MB), as shown in Figure 1, to
disintegrate AP42 fibrils under the irradiation of red light with
a longer light wavelength (630 nm) (Lee et al., 2017). The anti-
AP effect of photoexcited MB fully rescued the AD phenotype
in vivo using the Drosophila AD model. Particularly MB has a
remarkable merit to cross brain-blood-barrier (BBB) facilitating
its delivery to the confined brain area, which renders it a
great potential to be used in treatment (Lee et al., 2017). The
above-mentioned natural dyes and their derivatives are cheap
and facile, but their biosafety and photo-degradation ability
still have to be evaluated in mammalian animal models over a
long period.

After 2017, a variety of metal oxide photocatalyst were
designed and investigated for photodegrading the amyloid
aggregates. Giyeong et al. reported visible light-driven
dissociation of amyloid aggregates by ruthenium (II) complex

{[Ru(bpy)3]>*}, which had been extensively applied in solar
energy harvesting and conversion. It has a highly stable and
long lifetime photoexcited state in liquid facilitating the efficient
oxygen quenching and singlet oxygen production. In the
experiment, ruthenium (II) complex successfully disassembled
amyloid fibrils through oxidative damage caused by reactive
oxygen species under white light-emitting diode (LED) light,
which rescued the cytotoxicity of AP in vitro tests. Recent
studies demonstrated Ru (II) polypyridyl complexes showed low
cytotoxicity against normal fibroblast cells. The in vivo feasibility
of these materials using AD animal models still needed to be
examined in the future (Son et al.,, 2018). Yu et al. synthesized
porphyrinic metal-organic frameworks (PMOFs) as excellent
Cu (II) chelating agents to clear AP fibrils by the effective
photochemical oxidation. Hf-MOFs have been demonstrated
to be the most efficient PMOF to remove AP aggregates by
photooxidation. The LPFFD-modified Hf-MOFs can alleviate
AP toxicity and lengthen the lifespan of C. elegans CL2006,
which is a model animal of AD. This work cast insights into
the specially-designed MOFs as neurotoxic-metal chelating and
PDT agent (Yu et al., 2019).

Except for the above trials, a few photo-responsive
nanomaterials and polymers also showed the photo-degradation
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FIGURE 1 | An illustration of dissociation of AB42 aggregates by photo-excited MB. Reproduced with permission (Lee et al., 2017). Copyright 2017, Nature

effect on amyloid protein deposits. Graphitic carbon nitride (g-
C3Ny) was usually applied in solar water-splitting and hydrogen
generation for its chemical and thermal stabilities with a narrow
bandgap of 2.6-2.8eV. In 2016 based on its photocatalysis
ability, g-C3Ny4 was utilized to inhibit AP aggregation under
a white LED. The effect of Ag-doping g-C3N4 on the anti-Af
aggregation was also investigated, which proposed a regime
for designing new photosensitizer based on the inorganic
photocatalyst (Chung et al., 2016). Zhang et al. combined a
drug delivery platform of diblock polymer and a photosensitizer,
chlorin e6(Ce6) to develop a novel micell for degrading the toxic
AP oligomers and protofibrils under a 655 nm laser. The PEG-b-
PDPA copolymer micelle conjugated with Ce6 was also loaded
with an AP inhibitor Tanshinone I (TAS). TAS can prevent Af
fibrillization and upon laser irradiation Ce6-conjugated micelles
can degrade AP aggregates by generating singlet oxygen. Given
the potentials of a 655 nm laser and the micelle for penetrating
the BBB, the nanocomposite provided an optional insight for AD
therapy (Zhang et al.,, 2016).

The nature of photoactive inorganic agents is usually
hard and hydrophobic, which is not compatible for the soft
and hydrophilic human tissues. For example, g-C3N4 is a
hydrophobic nanomaterial and is usually not stable in the PBS
solution. For realistic application in the brain, it is desirable
to perform surface modification on these inorganic agents,
such as the addition of targeting peptides and PEG polymers.

Furthermore, at present FDA-approved PDT with 630 nm laser
has the penetration depth of several millimeters for most human
tissues. For a clinical application, a miniaturized optical fiber
integrated with a microscale injectable illumination module is
required, due to the limit of penetration depth of photosensitizers
with the photoexcitation of UV-Vis light.

NIR EXCITATION-BASED PHOTOACTIVE
AGENTS

In the development of photoactive treatment,UV and visible light
in the PDT were suffered from an irradiation damage to normal
tissues and a limited penetration depth (Peng et al., 2011). For
most human tissues, the long-wavelength NIR has at least 2-
fold penetration depth compared with UV-Vis. To overcome
these obstacles, rare earth-based upconversion nanoparticles
(UCNPs) have been proposed as an energy transducer to activate
PS. For the past few years, UCNPs attracted considerable
attention for its ability to generate short wavelength fluorescence
(visible or UV light) by utilizing NIR light irradiation via
two photons or multiphoton mechanism (Nyk et al., 2008). In
order to generate ROS, the UCNPs and photosensitizers have
been combined for photodynamic therapy (Maji et al., 2014;
Mei et al., 2015; Ai et al,, 2016). Ni et al. fabricated a NIR-
excited nanoprobe (ANG/PEG-UCNPs) which can cross the BBB
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functioning as a MR/fluorescence bimodal imaging agent with a
superior performance under a NIR photo-activation. Moreover,
the toxicity, especially to brains, was assessed to be negligible in
vivo (Nietal,, 2014). Lu et al. utilized a silicon-coating on UCNPs
to enhance the energy transfer from NIR light by providing an
interior cavity for high payload of photosensitizers rose bengal at
an absorbance overlapping with the visible emission of Er** (Lu
et al,, 2015). In 2019, we synthesized f-NaYF4:Yb/Er@SiO,@RB
by conjugating UCNPs with rose Bengal to degrade preformed
AP aggregates under a 980 nm NIR light. The results revealed
that UCNPs could effectively photo-degrade Ap42 fibrils, which
demonstrated UCNP’s potential application in the treatment of
amyloid diseases (Yu et al., 2019). The development of NIR
photosensitizers for degenerative disease is just in its infancy.
Several issues have to be addressed urgently for future therapeutic
applications, e.g., the metabolic pathways, cytotoxicity and
the side-effect of accumulated ROS have not been completely
investigated in vivo studies especially with mammal animal
models, which is essential to assess clinical applicability.

PERSPECTIVE

Nowadays photosensitizers and approved clinical indications
of PDT exist in many countries though the total number
is still limited especially for brain disorders. To date, there
is no standard method for evaluating the efficiency of the
photosensitizers. Most researches rely on in vitro techniques
such as AFM, TEM, CD, ThT fluorescence, electrophoresis, etc.
The biosafety validation counts on the cell experiment and in
vivo experiments with Drosophila and C. elegans AD models.
There is still a big gap for the pre-clinical treatment, e.g., the
penetration range for NIR-excited photosensitizers in human
brain, the metabolic pathways of the PS and the disintegrated
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