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ABSTRACT
Neurological disorders such as neurodegenerative diseases and nervous system tumours affect more 
than one billion people throughout the globe. The physiological sensitivity of the nervous tissue limits 
the application of invasive therapies and leads to poor treatment and prognosis. One promising solution 
that has generated attention is Photodynamic therapy (PDT), which can potentially revolutionise the 
treatment landscape for neurological disorders. PDT attracted substantial recognition for anticancer 
efficacy and drug conjugation for targeted drug delivery. This review thoroughly explained the basic 
principles of PDT, scientific interventions and advances in PDT, and their complicated mechanism in 
treating brain-related pathologies. Furthermore, the merits and demerits of PDT in the context of 
neurological disorders offer a well-rounded perspective on its feasibility and challenges. In conclusion, 
this review encapsulates the significant potential of PDT in transforming the treatment landscape for 
neurological disorders, emphasising its role as a non-invasive, targeted therapeutic approach with 
multifaceted applications.

HIGHLIGHT POINTS
•	 Photodynamic therapy is a promising tool to revolutionise the treatment landscape for neurological 

disorders.
•	 The nexus between photodynamic therapy and biological drug conjugation is best suited for 

non-invasive neurological disorder treatment.

Introduction

Natural light has been used for three thousand years in treat-
ing ailments [1,2]. For instance, ancient Egyptians and the 
Chinese used sunlight to treat psoriasis, rickets, and vitiligo 
[3]. Niels Finsen formally introduced phototherapy at the end 
of the nineteenth century and found that red-light exposure 
masked the formation of smallpox pustules. Later, he discov-
ered that the sun’s ultraviolet light was also helpful in treat-
ing cutaneous tuberculosis. In 1903, he was awarded the 
Nobel Prize for these discoveries [4,5]. A German scientist, 
Friedrich Meyer–Belz, later in 1913, tested the effects of 
hematoporphyrin on his skin and experienced swelling and 
pain when body parts were exposed to light [6].

In the 1960s, the primary mechanisms of photodynamic 
reactions attained much scientific attention. Photodynamic 
therapy (PDT) is now a fast-evolving technique for the detec-
tion and treatment of a broad variety of pathologies, from 

precancerous and cancerous lesions, including brain tumours, 
to various other neural disorders, including Alzheimer’s disease 
(AD) and Parkinson’s disease (PD). It can treat meningeal lym-
phatic vessels and is becoming more prevalent due to its effec-
tive antimicrobial properties [1,6]. Currently, most cases of PDT 
applications rely on the use of photosensitizers (PS). PS are 
physiochemical agents capable of absorbing light of a specific 
wavelength, converting [6], and transferring it as valuable 
energy to an oxygen molecule with the formation of reactive 
oxygen species (ROS), including oxygen-based free radicals, 
non-radical forms, and electronically excited singlet oxygen [7]. 
The PDT is advantageous due to its efficiency, fewer side 
effects, and minimal invasiveness compared to chemotherapy 
and radiotherapy. PDT also has the key property of exploiting 
the integrity of the brain’s blood-brain barrier (BBB) for bio-
medical applications and is now considered a powerful method 
that targets malignant cells and other brain anomalies [7].
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Pathology of neurodegenerative disorders

Neurodegenerative disorders are characterised by neuronal loss 
and cognitive dysfunction [8]. Besides, the misfolded proteins 
deposited and later spread, ultimately challenging the innate 
immune response and causing oxidative stress and mitochon-
drial dysfunction [9]. Aggregated misfolded proteins are usually 
specific for each neurodegenerative disease [2,3]. However, 
some aggregated proteins are unrelated to a particular disease 
(Table 1). Like, α-synuclein aggregation is evident in dementia 
and multiple system atrophy [6], while tau aggregates appear 
in AD and tauopathies, including primary age-related tauopa-
thy and progressive supranuclear palsy (PSP). Huntington’s dis-
ease is an inherited disorder that gradually breaks down 
neurons in the nervous system [10]. Chorea, a hallmark of 
Huntington’s disease, is a progressive neurological condition 
inherited in an autosomal dominant pattern [11]. Amyotrophic 
lateral sclerosis (ALS), also known as Lou Gehrig’s disease, 
affects the nervous system’s upper and lower motor neurons 
that control voluntary muscle movement [12]. Patients with 
ALS may struggle to get therapeutically effective doses of 
drugs using standard drug delivery methods [13].

Mechanism of PDT

For PDT to function correctly, three things must be present: 
1) a photosensitising substance (photosensitiser, PS), 2) a 
source of visible light (including oxygen), and 3) a gas capa-
ble of oxidising the PS. Singlet oxygen, produced in the mol-
ecules of protein and the lipids of the molecule, absorbs 
light; it moves from the cytoplasmic membrane and intracel-
lular organelles when exposed to a quantum of light and is 
recognised to perform the primary role in PDT [26]. When the 
PS molecule absorbs light, it moves from the ground to its 
excited state. At the same time, activated light molecules or 
quantum emission of fluorescence enter Type I or Type II 
photochemical processes [27]. In Type I, PS molecules engage 
directly with malignant cell compoanents, creating interim 
reactive byproducts that combine with oxygen, producing a 
variety of highly active substances, predominantly active 
forms of oxygen, which participate in subsequent oxidation 
reactions [28]. In this case, oxidant radicals, superoxide anion, 
and hydroxyl radicals are produced, oxidative stress is trig-
gered, and cellular membranes are compromised in contra-
diction of their roles (Figure 1). In Type I photodynamic 
reaction, the stimulated sensitiser molecule travels from an 

Table 1. C haracteristic features of the most common neurodegenerative disorders.

Disease Features Protein involved Main location Potential use of PDT Ref.

Alzheimer’s disease Amyloid-β composed of 
Senile plaques comprising 
deposits. Intra-cellular 
neurofibrillary tangles. 
Aggregation of tau 
proteins. Loss of neurons.

Amyloid-B, Tau Protein, 
Α-Synuclein

Apolipoproteins-E, Presenilin 1 
and 2, Alpha1 
Antichymotrypsin 
Alpha2-Macroglobulin 
Ubiquitin

Basal forebrain, 
Frontal and 
temporal lobes, 
Limbic structures, 
Locus coeruleus, 
Olfactory bulb

Polyoxometalate (UV 
(365 nm), Ag-TiO2 
(315 nm), Tetra 
porphyrin (Blue 
(450 nm)), Zn 
phthalocyanine 
(665 nm LED)

[14–18]

Parkinson’s disease The formation of Lewy 
bodies, which are neural 
clumps of fibrillated 
aggregates made up of 
-synuclein and ubiquitin.

Dopaminergic neuronal 
degeneration. Deficiency 
of dopamine.

alpha-synuclein
synphilin-1 parkin UCH-L1

Basal Ganglia
Substantia Nigra

Aminolevulinic Acid 
(ALA). Photofrin

[14,19,20]

Amyotrophic lateral 
sclerosis

Presence of ubiquitinated 
inclusions comprising 
TDP-43, FUS, OPTN, 
ATXN2, C9ORF72, and 
UBQLN2.

Gradual degradation and 
death of motor neurons. 
Neuroinflammation.

TAR DNA-binding protein 43 
(TDP-43) SOD1 FUS 
neurofilaments

Motor cortex, 
Brainstem motor 
neurons, Spinal 
cord motor 
neurons

PDT in the context of 
ALS is currently not 
established

[14,16,21,22]

Chronic traumatic 
encephalopathy

Astrocytic tau tangles, 
Neuropil threads, 
Neurofibrillary Tangles

3-repeat + 4-repeat tau Frontal, temporal, and 
parietal lobes, 
Depth of sulci and 
surrounding 
vasculature

PDT in the context of 
CTE is currently not 
well-established

[8]

Huntington’s disease Neuronal loss in the 
neostriatum and 
subsequently in the 
cerebral cortex

Huntingtin Neuronal inclusions in 
nuclei of neurons

Striatum cerebral 
cortex

PDT has not been 
extensively studied as 
a treatment for HD

[16,23]

Multiple sclerosis axonal degeneration 
inflammatory 
demyelination

Myelin basic protein (MBP) Myeline sheath of 
Neurons

PDT has not been widely 
explored as a 
treatment for MS

[24]

Spinocerebellar ataxias 
(SCAs)

Slowly progressive 
incoordination of gait and 
poor coordination of 
hands, speech, and eye 
movements.

Ataxin-1
ataxin-2
ataxin-3
ataxin-7

Cerebellum PDT not used against 
SCAs

[23]

Frontotemporal 
dementia

Frontotemporal atrophy Ubiquitin tau Frontal and temporal 
lobes

PDT not used against 
Frontotemporal 
dementia

[16,25]
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initial state to the singlet excited state and then to the triplet 
excited state [29]. In contrast, in Type II, PS molecules interact 
with oxygen, transforming it into a highly active singlet state. 
It causes cellular necrosis and apoptosis by interacting with 
proteins, nucleic acids, and cell membrane lipids [30,31]. 
Fluorescence treatments are used to evaluate the dispersion 
of these dyes in both healthy and pathological tissue. The 
mortality of Paramecia in an atmosphere with low quantities 
of dyes like acridine, eosin, and fluorescing was previously 
recorded, leading to the invention of a contemporary method 
for studying PS and their effects on biological specimens 
[13,14]. Fluorescent dye-photosensitiser deposited in the tis-
sues is activated locally by visible light due to the amount of 
oxygen in the tissues, triggering a cascade of events that 
subsequently results in the death of the targeted cells [1].

Photosensitizers (PS)

PS are chemical substances capable of being enthused by 
illumination at specific wavelengths of light [33]. They have 
tumour-specificity or selective accumulation in tumour sites, 
restricted dark toxic effects, a higher adsorption peak between 
600 and 800 nm wavelengths, a high quantum yield in creat-
ing singlet oxygen, and high cytotoxicity that depends on 
light [34]. Thousands of recognised PS are available, including 
biological and synthetic in origin (such as chlorophyll, phyco-
bilin, porphyrins, intermediate products of their synthesis, 
some antibiotics, quinine, riboflavin, and several other drugs) 
[35]. The following attributes should be present in such PS: 

chemical purity and uniformity of composition; absence of 
dark toxicity; high capacity for accumulation in the target tis-
sue; quick removal from the patient’s body; high photochem-
ical activity as evidenced by a high quantum yield of singlet 
oxygen; and absorption of light in the long-wave region of 
the spectrum (600–800 nm), where biological tissues are most 
transparent, with a high coefficient of extinction [14,18].

The first improved therapeutic PS, the ‘hematoporphyrin 
derivative’ or HpD, did not have delineated chemical proper-
ties. Instead, it was a combination of several porphyrins, 
including hematoporphyrin, protoporphyrin, and deuteropor-
phyrin, as well as their derivatives, monomers, dimers, oligo-
mers, and esters [36]. The photodynamic characteristics of 
hematoporphyrin, initially discovered and described in 1911, 
have become the basis for the initial generation of therapeu-
tic PS. Meyer–Betz was the first person  to notice the effects 
of hematoporphyrin on the human body in 1912 [37]. He did 
this by injecting himself with intravenous hematoporphyrin, 
which caused inflammation and discolouration under the 
impact of light from the sun that lasted for two months. It 
was the first time these effects had been observed [38].

The accumulation of hematoporphyrin within the tumour 
cell can be used in therapeutic applications and optical 
imaging of malignant tumours. In the 1970s, PDT was first 
time used [39]. The study detailed the effectiveness of hema-
toporphyrin derivative in PDT for treating squamous cell car-
cinoma of the skin, breast carcinomas, and metastatic 
tumours [40]. Such medicine should be able to dependably 
stimulate different therapeutic rays in the laboratory, be 

Figure 1. G eneral mechanism of action in PDT to PS and different reactions leading to cell death. PS is exposed to light, which causes it to transform into an 
excited singlet state. Fluorescence emissions or non-radiative decay may be used to partially return to the ground state or undergo intersystem crossing to the 
excited triplet state. Two different kinds of chemical reactions then work to promote the production of ROS: type I reactions produce free radicals and radical ions 
through electron transfer reactions, and type II reactions involve the response of PS with molecular oxygen, where the energy is transferred to the triplet ground 
state of the molecular oxygen to produce singlet oxygen. ROS causes photodynamic effects on pathogenic bacteria or tumour cells (used for PDT) [32].
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hydrophilic for facile systemic delivery, and not be toxic to 
activated light. After the procedure, the drug should have 
the most efficient source of light to trigger the PS, which is 
also essential to the practical application of PDT [41]. The 
light source must facilitate light penetration to the desired 
depth into the tissues, give complete and consistent lighting 
of the needed zone, and have a wavelength corresponding 
to the active product’s maximum absorbance. In this regard, 
the light source selection depends on the choice of medica-
tions and the target tissues’ depth, size, and features [42]. 
The advancement of PDT technology can aid in the fight 
against various medical conditions, such as colon and blad-
der tumours, neurological and spinal cord tumours, and the 
creation of new skin treatment procedures in plastic surgery 
and cosmetology. Good outcomes of PDT for treating inflam-
mation disorders demonstrate the method’s efficacy against 
aerobic, facultative, and obligate anaerobic bacteria and 
microscopic fungi [43,44].

Mechanism of PS

PS localisation is an essential determinant of the intracellular 
and tissue targets most heavily subjected to photosensitising 
effects and, thus, of the mechanism of photo-damage. 
Albumins, globulins, and low- and high-density lipoproteins 
in whey bind to PS in the circulation, forming aggregates 
from which only a trace of PS may escape [45]. The PS’s 
polarity is influenced by its potential for binding to specific 
whey proteins. With a rise in PS’s hydrophilic nature, the pros-
pect of dye binding to both high and low-density lipopro-
teins increases. The PS aggregates generated with proteins 
are consumed by endothelial cells in the vasculature, followed 
by the binding of dyes with the adventitia of the blood ves-
sels, the arrival of PS in the extracellular matrix, and intracel-
lular accumulation [46]. During optical excitation and 
relaxation, the PS molecule returns to its initial state and can 
again participate in a chemical reaction. The entire cycle can 

be repeated after absorbing a new quantum of light energy. 
However, the cyclic utility of PS results in ‘burnout’ or their 
inability to participate in the photodynamic reaction [47].

The liver, kidneys, spleen, and heart are the organs that 
have the highest concentration of PS following intravenous 
injection. These organs have a high blood supply and perfo-
rated capillaries, which increase the amount of light that can 
pass through them [48]. It was reported that PS is moving 
from its usual location in the brain to various organs and tis-
sues, including the lungs, intestines, stomach, and skin. 
Muscles show a minuscule accumulation of PS compared to 
other tissue types [49]. The chemical makeup of the medica-
tion dictates the procedures that must be carried out to rid 
the patient’s body of the PS. Generally, the hydrophobic 
phospholipids are eliminated through the faeces and bile, 
while the hydrophilic phospholipids are eliminated through 
the urine. The accumulation of PS is more likely to occur in 
tumour tissues due to their greater propensity [49].

The effectiveness of PS used for therapeutic purposes 
depends on the activated wavelengths close to those 
absorbed by tissue (the red area). Photosensitive substances 
(PSs) must keep a high triplet quantum yield when subjected 
to irradiation. It has been discovered that the PDT of most 
malignancies can benefit from applying several PSs. Different 
PSs have successfully induced cell death in various tumours, 
leading to new treatment options (Table 2).

Nanoparticles in neurodegenerative disorders (NDs)

The BBB-related therapeutic inadequacies and drawbacks have 
created a dire need for innovative therapeutic strategies in 
treating NDs [56]. Nanotechnology is a safe and promising 
CNS-specific drug or gene delivery platform among the vari-
ous methods used. This method makes use of nanoscale 
materials (those with a size between 1 and 1000 nm) that can 
have a molecular level of interaction with biological systems. 
Nanoparticles (NPs) have been formulated using a wide range 

Table 2. D istinct categories of PS and the malignancies to which they may be applied.

Class of PSs Sensitiser Synthesis Injection Clinical use Wavelength (nm) Ref.

Chlorins Temoporfin (m-THPC) ORMOSIL IV Approved for lenitive 
treatment with advanced 
head, prostate, pancreatic 
tumour & neck cancer

652 [50]

Chlorins Talaporfin (MACE) Light Sciences (USA) IV Approved for lung cancer & 
solid tumours from diverse 
origins

664 [51]

Benzoporphyrin Verteporfin Valeant Pharmaceuticals 
International, Inc.

IV Treatment for wedge 
age-related macular 
degeneration, 
histoplasmosis, & 
pathologic myopia

689–693 [52]

Texafrins Lutetium texaphyrin Pharmacylics inc. IV Phase 2 prostate cancer & 
photoangioplasty

732 [53]

Protoporphyrin 5-Aminolevulinic Acid DUSA Pharmaceuticals Inc. IV Approved for the treatment 
of actinic keratosis, head & 
neck carcinoma, 
gynecological tumour, 
brain diagnosis

635 [54]

Hematoporphyrin Porfimer sodium (HpD) Axcan Pharma Inc. IV Approved for endothelial lung 
cancer, bladder, cervical, 
and oesophageal cancer

630 [55]

I.V.: Intravenous.



88 A. NASIR ET AL.

of materials, from natural polymers (proteins and polysaccha-
rides) and synthetic polymers (PLGA and PCL) to inorganic 
minerals, e.g. gold, silver, and cerium (Table 3). It has been 
shown that nanocarriers are effective drug or gene carriers in 
the CNS [57]. They are advantageous because of their high 
drug-loading capacity, low systemic toxicity, enhanced drug 
permeabilization, and strong physical and chemical stability. 
The various shapes and sizes of NPs have been produced for 
medication delivery to the brain. However, the ability of nano-
carriers to cross the BBB is conditional on factors such as their 
size, surface chemistry, type, and polarity [58]. Polysorbate 

coatings on surfaces can also aid in escaping transmembrane 
efflux systems such as P-glycoprotein pumps. Due to the sim-
plicity of surface functionalization with ligands and 
cell-penetrating peptides (CPPs), lipid and polymeric NPs have 
been the most widely used for targeted brain delivery [59].

Types of NPs

Many types of NPs have different shapes and sizes (Figure 2), and 
they are chemically and biologically synthesised and used in 
combination with PDT for various neurological disorders (Table 

Table 3. C ommonly applied ligands for polymeric coating of NPs for targeting the brain and improving BBB’s permeability.

Ligand Type Specific target Function in NDs Transport route Ref.

Albumin Endogenous protein – Low concentration causes 
cognitive deterioration. 
Prognosis of multiple 
sclerosis and amyotrophic 
lateral sclerosis. AD

Adsorptive-mediated 
transcytosis

[60,61]

ApoE Apolipoprotein Endothelial LDL 
receptor

Aβ-binding protein induces a 
pathological β sheet 
conformational change in 
Aβ.

Receptor arbitrated 
transcytosis

[61,62]

Biotin-streptavidin Protein’s complex – Severe biotin deficiency 
displays prominent and 
severe neurological 
symptoms, including 
seizures, ataxia, and hearing 
loss.

Protein transporters [61,63]

CRM197 Diphtheria toxin’s 
non-toxic analog

HB–EGF receptor CRM197 can rapidly activate 
CD4+ T cells by generating 
a multitude of Th1 and Th2 
cytokines, thereby 
promoting the proliferation 
of B cells and regulating 
the level of antibody 
production

Receptor arbitrated 
transcytosis

[61,64]

Glutathione Natural antioxidant Glutathione receptor A drastic decrease in the GSH 
initiates neuronal loss 
resulting from oxidative 
stress

Receptor arbitrated 
transcytosis

[61,65]

Insulin Endogenous protein Insulin receptor Insulin can improve neuronal 
survival or recovery after 
trauma or during 
neurodegenerative diseases.

Receptor arbitrated 
transcytosis

[61,66]

KPI-based peptides Angiopeps Endothelial LDL receptor – Receptor arbitrated 
transcytosis

[61]

LDL Proteins Endothelial LDL receptor Normal cholesterol 
homeostasis is essential for 
brain development, 
myelination, and neuronal 
signalling. Changes in 
cholesterol metabolism 
increase the risk of 
neurodegenerative diseases.

Receptor arbitrated 
transcytosis

[61,67]

Leptin Hormone Specific receptor ObR Leptin can improve learning 
and memory, affect 
hippocampal synaptic 
plasticity, exert 
neuroprotective efficacy, 
and reduce the risk of 
several neuropsychiatric 
diseases.

Receptor arbitrated 
transcytosis

[61,68]

Melanotransferrin (p97) Iron-binding protein Transferrin receptor Associated with the brain 
lesions of AD and is a 
potential biomarker of AD.

Receptor arbitrated 
transcytosis

[61,69]

RVG Peptide N-acetylcholine 
receptor

RVG peptide used as shuttle 
system to transfect 
neuronal cells with cdk4 
siRNA for selective 
knockdown of cdk4 
expression

Receptor arbitrated 
transcytosis

[61,70]
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4). Ecofriendly NPs are alternatives to chemical and physical 
methods and are natural ways to synthesise NPs using natural 
biological systems, i.e. microorganisms, plants, or fungi. Generally, 
the NP’s mode of action may be either intracellular or extracellu-
lar, depending on the synthesis location.

Inorganic NPs

Inorganic NPs typically include an inner inorganic core made 
up of either a metal or an oxide of a metal, as well as an 
exterior organic shell that maintains the particle in biological 
surroundings while also allowing it to transport photosyn-
thetic medications. In addition, inorganic NPs can be modi-
fied by adding biomolecules such as ligands or antibodies, 
further improving the PDT PS tumour cell targeting [94].

Metal-based NPs in PDT

PDT has become a viable option for cancer treatment because 
it does not involve surgery or other harmful side effects [95]. 
Due to the antibacterial impact of the therapy, it can be used 
for a wide variety of medical purposes beyond just cancer 
treatment. It includes the healing process of serious infections, 
anti-acne therapy, psoriasis and herpes therapy, and therapeu-
tic interventions for physical injury. As scientists progress 
towards improving illumination and synthesising novel active 

chemicals, PDT looks increasingly promising to diagnose and 
treat various disorders [96]. In recent research, metal-based NPs 
have been proven to have utility as PS, delivery vehicles, and 
up-conversion instruments [97,98]. Metal NP dispersions, sus-
pensions, and sols are particularly interesting because they can 
be used in various applications. NPs based on molybdenum 
oxide, titanium dioxide (TiO2), zinc oxide (ZnO), and tungsten 
oxide (WO3) are currently the subject of numerous studies 
looking into their potential use as PS in PDT [99].

Gold-based NPs (GNPs)

In the field of medicine, GNPs are standard. Heating gold par-
ticles with IR laser radiation is a promising approach to cancer 
treatment [100]. Reverberant absorbance of electrical radiation 
is a unique property of metal NPs when the NP size is sub-
stantially less than the wavelength. The surface plasmon reso-
nance, or the aggregate oscillations of conduction electrons 
on the NP’s surface, is linked to this absorption. The plasmon 
resonance wavelength is often in the visible and shorter spec-
trum for metals. For instance, a gold nanostar in water has a 
surface plasmon resonance of about 520 nm [37,38].

Potential toxicity of GNPs
The possible toxicity of GNPs is the subject of many research 
efforts. The surface’s size, shape, chemical composition, and 

Figure 2. S chematic illustration of organic and inorganic NPs used for nanotherapeutics or nano-drug products. (Illustration created with BioRender.com.).
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surface charge of GNPs significantly impact their cytotoxicity 
[101]. Smaller particles (10–50 nm) were shown to be more 
harmful than bigger particles (100–200 nm) in in vivo toxicity 
investigations of intravenous colloid GNPs in mice [102]. The 
toxicity of GNPs of triphenylphosphine derivatives, which are 
water soluble, was investigated in previous studies using four 
different cells or tissues (including connective tissue fibroblasts, 
epithelial cells, macrophages, and melanoma cells). The IC50 
value within a cell line shifts from 30 to 56 M based on the 
combination of 1.4 nm GNPs and the cell line, suggesting that 
these cell lines are particularly susceptible to GNPs of this size. 
Concentrations of Tauredon (gold thiomalate) below 60 or 100 
times are harmless when applied to GNPs with a length of 

15 nm. Treatment with 110 M Au NPs in healthy and necrotic 
cells (1.4 nm diameter). These findings show that gold is a 
potential material for further PDT research and development 
[40,41].

Silver-based NPs (SNPs)

Silver is one of the most potent natural antibiotics, and for 
many years, people have been employing its killing power 
against a wide range of microbes. A product known as a col-
loidal nanosilver comprises microscopic SNPs suspended in 
water that have been demineralised and deionised [103]. The 

Table 4. D ifferent studies of NPs combining PDT for neurological disorders.

Nanoparticles (NPs) Disease used for Mechanism Ref.

Stem cell membrane-camouflaged bioinspired NPs Lung cancer Enhances Ng/Ce6@SCV antitumor effect after NIR irradiation. 
Inhibits primary tumour growth. Fewer side effects.

[71]

Hyaluronic acid (HA)-based nanomaterials Primary tumour and 
melanoma

HPR@CCP exerts combined photodynamic and 
immunotherapeutic activity. Amplify the therapeutic 
effect on primary tumours and distant metastases.

[72]

Ce6 loaded to the peroxidase-mimic metal-organic 
framework (MOF) MIL-100 (Ce6@MIL-100)

Breast cancer Peroxidase mimics metal-organic framework efficiently 
ablated tumours in microenvironment.

[73]

Fucoidan-based theranostic nanogel consisting of a 
fucoidan backbone, redox-responsive cleavable 
linker, and Ce6

Human fibrosarcoma Fucoidan enables cancer targeting by P-selectin binding. 
Enhanced antitumor effect by inhibiting the binding of 
vascular endothelial growth factor.

[74]

Ligation of an anticancer cabazitaxel (CTX) drug via 
ROS-activated thioketal linkage produces a dimeric 
TKdC prodrug, followed by co-assembly with a Ce6

Human melanoma Administration of PS TKdC NAs followed by laser irradiation 
produced durable tumour regression.

[72]

Light-enhanced PTX NPs (Ce6/PTX2-Azo NPs) prepared 
by synthesising hypoxia-activated self-sacrificing 
prodrug of paclitaxel (PTX2-Azo) and encapsulating 
it with a peptide copolymer decorated with the 
photosensitiser Ce6

Innately hypoxic 
microenvironment of most 
solid tumours

PTX2-Azo prevents premature drug leakage. Generates 
singlet oxygen under light irradiation. Acts as a positive 
amplifier to promote the release of PTX

[75]

Paclitaxel Prodrug Activatable by Irradiation 
in Hypoxic

Squamous cell carcinoma 7 
(SCC7)

Light-induced apoptotic activation of Ce6-DEVD-MMAE NPs 
to treat solid tumours inaccessible to conventional PDT.

[76]

Gold NPs (GNP) conjugated to 5-ALA Nonmelanoma skin cancer 
Subcutaneous squamous 
cell carcinoma

GNP conjugated to 5-ALA enhances antitumor efficacy of 
PDT in HaCat and A431 cells

[77]

Gefitinib PLGA NPs Lung cancer Synergistic therapeutic effects [78]
Photoactivatable nanomicelles, PEG-stearamine (C18) 

conjugate with a ROS-sensitive thioketal linker (TL) 
and co-loaded with doxorubicin (DOX) and PS 
pheophorbide A (PhA)

Colon cancer cell line (CT-26) Inhibits tumour growth and enhances anti-tumour immunity 
by ROS-induced release of DOX.

[79]

Acid-responsive polygalactose-co-polycinnamaldehyde 
polyprodrug (PGGA) self-assembled with PhA

Hepatocarcinoma (HepG2) Inhibits tumour growth of hepatocellular carcinoma with 
negligible side effects

[71]

PEG-doxorubicin conjugate Colon cancer (CT-26) Maximizes the efficacy of the combination of chemotherapy 
and PDT

[80]

IR780 loaded on the prodrug micelle consisted of 
camptothecin (CPT) and PEG with further 
modification of iRGD peptide

Glioma Targeted prodrug system effectively crosses various barriers 
to reach the glioma site. Enhances the antitumor effect 
with laser irradiation.

[81]

Poly-ε-caprolactone NPs (PCL NPs) modified with 
LHRH peptide and loaded with IR780 and 
paclitaxel (PTX)

Ovarian cancer Increases internalisation in ovarian tumour cells in vitro and 
selective targeting in tumour xenografts in vivo

[82]

Graphene oxide NP Osteosarcoma Inhibits the proliferation and migration of osteosarcoma cells [71]
Self-assembled NP with indocyanine, camptothecin, 

RGD peptide
HeLa; Human hepatoma Enhances the performance of cancer theranostics. [83]

Polymeric NPs Stroke Transport vectors/penetrate the cell membrane through 
endocytosis

[84]

Graphene NPs Destroy cancer cells Destroy cancer cells [85]
Micelles PD Intravenous delivery/efficient drug delivery [84]
Gold NPs AD Improved selectivity to brain [86]
Carbon NPs Stroke Platelet aggregation/stem cell therapy [87,88]
Silver NPs Brain tumours Efficient drug delivery [89]
Zinc oxide Brain tumours Efficient drug delivery [89]
Dendrimers Brain tumours Efficient drug delivery [89]
Lipid NPs Brain tumours Accumulation of edelfosine [90]
Theranostic NPs Brain tumours Improved pharmacokinetics [91]
Cerium oxide ALS therapeutic effect by acting as redox-active agents [92]
Magnetic NPs AD/HD/Frontotemporal 

Dementia
Regulate the metal homeostasis in the brain. Carry a large 

dose of the drug to achieve high local concentration and 
avoid toxicity, target and detect amyloid plaques in AD

[93]
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size of SNPs typically ranges from 20 to 25 nm. They have an 
extraordinarily high specific surface area, which raises the 
amount of silver that comes into touch with bacteria or 
viruses and considerably boosts the effectiveness of silver as 
a bactericide. So, using silver in the form of NPs makes it pos-
sible to reduce the concentration of silver by hundreds of 
times while keeping all its bactericidal capabilities [104].

Potential toxicity of SNPs
Previous studies discovered that SNPs toxicity is proportional 
to particle size. They also found that oxidative stress signifi-
cantly mediates SNPs toxicity [105]. Cell viability was tested 
systematically using three different SNPs sizes (15, 30, and 
55 nm). The probable functions of alveolar macrophages in 
the onset of oxidative stress led to their selection as the sub-
jects of this study. The toxicity was evaluated using mito-
chondrial function, cell membrane activity, and ROS [50,51]. 
The activity index dropped dramatically after 24 h of contact 
with Ag 15 nm and Ag 30 nm NPs (10–75 g/mL). The number 
of ROS increased by more than a factor of 10 when Ag 15 nm 
was present at 50 g/mL, suggesting that oxidative stress may 
play a role in Ag 15 nm’s cytotoxicity. Hence, SNPs are a safe 
and effective way to boost photodynamic action on microbes, 
and they can also be used in PDT of malignancies without 
harming mammalian cells [106].

Copper-based NPs (CNPs)

Copper functions in the body as a trace element. Copper 
consumption should be around 900 micrograms per day, as 
suggested. Immunodeficiency develops when copper short-
age reduces granulocyte phagocytic activity and immuno-
globulin production [107]. Copper plays a crucial physiologic 
role in cellular proliferation and differentiation. In immunode-
ficiency, copper gluconate (Cu2+) has been shown to boost 
IgG levels, cease the development of cancerous cells, and 
strengthen defense against the disease. NPs of copper sul-
phide are also commonly employed in PDT procedures. 
Recent studies have examined the photodynamic activity of 
CNPs and their drug-delivery capability in the intended tissue. 
It has been demonstrated that the Cu2-xS nanocrystal is an 
integral part of the PDT process and that only under the cir-
cumstance of near-infrared light irradiation can the ROS drive 
the biological reaction [52–54].

Potential toxicity of CNPs
An examination of histology revealed that CNPs had severe 
toxicological effects and could cause significant harm to mice’s 
kidneys, livers, and spleens. The cytotoxicity of copper NPs has 
been comprehensively reported by researchers in the past 
[108]. CNPs were tested for their cytotoxicity by the researchers 
by adding different sizes of CNPs (25, 50, 78, and 100 nm) as 
well as a micron grade of copper particles (500 nm) to cell lines 
derived from fish (PLHC-1 and RTH-149) and mammalian (H4IIE 
and HepG2), respectively [103,109]. According to the findings, 
their size and shape would significantly impact the toxicity of 
CNPs and the ions they discharge [56,57].

Cerium oxide NPs (CONPs)

CONPs are well-known for their ability to neutralise ROS asso-
ciated with neuronal cell death and NDs. The exceptional oxi-
dative capacity of these NPs can be traced back to the change 
in oxidised state from Ce+3 to Ce+4 [110]. When paired with 
PEG coverings or metal chelators, these NPs have been shown 
to reduce Aβ-aggregation and, in turn, the lethal effect of AD 
in neuronal cells through modifying the brain-derived neuro-
trophic factor signalling pathway [111]. In ischaemic stroke 
models, CONPs have been shown to scavenge peroxynitrite 
ROS successfully. In MS and ALS mice models, they have been 
shown to recover distal motor control [112]. Many NP compo-
sitions have recently been described as having regenerative 
capability. Researchers investigated how well cerium dioxide 
(CeO2) NPs stimulated neurogenesis. They stated that a single 
dose of CeO2 NPs administered to the hippocampus region 
was sufficient to kick off the process of neuroplasticity. Cerium 
oxide’s taken to repair, and anti-inflammatory properties are 
to blame [61,62].

Magnetic NPs

Magnetic NPs are of considerable interest for study, and their 
applications in biology and medicine have tremendous poten-
tial. Despite harmful effects on healthy cells, these NPs can 
damage specific protein targets within the body [113]. 
Compared to metal NPs, the cytotoxicity of magnetic NPs is 
moderate; as a result, magnetic NPs are used as drug carriers 
in therapeutic applications when warmed by laser or radiof-
requency to the temperature at which diseased tissue is 
destroyed. Under magnetic NPs, metal-coated particles of var-
ious sizes are typically employed [63,64]. Due to their spheri-
cal shape and small size distribution, NPs with a shell of 
magnetite Fe3O4 are widely applied in diagnosing and treat-
ing many disorders. The magnetic mesoporous nanoclusters 
of gold have also shown reduced mouse tumour develop-
ment and metastasis [114].

Metal-organic frameworks in PDT

Metal-organic frameworks, often known as MOFs, are hybrid 
materials composed of organic and inorganic components. 
MOFs are formed when organic ligands and metallic clusters 
self-assemble into the structure via strong interactions con-
nected to intramolecular pores [115]. The organic ligands and 
metallic groups are arranged in such a way as to exhibit pre-
cise directivity, which can result in the formation of various 
adsorption capacities, optical absorption, and magnetic prop-
erties. The MOFs have a variety of benefits, including high 
porosity, low density, regular channel, large specific surface 
area, changeable aperture, and various morphology and cus-
tomisation [116]. MOFs have seen increased application in 
PDT over the past few years. Because of their structural and 
chemical diversity, high molecular loading capacities, and 
intrinsic good biocompatibility, nanoscale metal-organic 
frameworks, also known as NMOFs, have been demonstrated 
to have significant applications in biomedicine. The MOFs 
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have already established themselves as a new category of 
representative NPs based on metal that can be used in PDT 
applications [116].

Organic NPs

Due to their higher biomedical applications when contrasted 
to inorganic materials, naturally produced molecules, such as 
lipids and other organic compounds, can be utilised as deliv-
ery vehicles for nanomedicine. Lipid nanocarriers are more 
successful than free-drug delivery in preserving the curative 
component from deterioration, lowering cytotoxicity, and 
enhancing cytocompatibility [117].

Liposomes

Liposomes are the most widely studied lipid carrier for 
brain-specific delivery. To improve transport throughout the 
BBB and target Aβ aggregates with solid potential, liposomes 
with dual purposes with mApoE and phosphatidic acid were 
created [118]. A fibril may be destabilised by this liposomal 
formulation in vitro. Mannose was employed as the targeting 
ligand in combination with a CPP (penetratin and rabies virus 
glycoprotein peptide, RVG) to improve brain targeting and 
cellular absorption. Similarly, brain endothelial cells, astro-
cytes, and neurons absorbed RVG- and transferrin-modified 
liposomes at higher rates than unmodified liposomes [70,71]. 
According to a different study, a single intravenous injection 
of liposomes functionalised with transferrin and a CPP 
increased brain mobility in mice. All these investigations have 
linked surface modification to drug brain deposition. Similarly, 
VGF (VGF nerve growth factor inducible) was successfully 
delivered across both in vitro BBB models and in vivo mouse 
models when optimisation brain targets specific liposomes 
fused with mannuronic and either RVG, penetratin, 
rabies-derived peptide (RDP) or CGNHPHLAKYNGT (CGN)  
peptide were used. The transfection rate in functionalised- 
liposome-treated mice was 1.5–2.0 times (p < 0.05) more 
remarkable than in the control group. In addition, the synthe-
sised liposome NPs showed well in vivo and in vitro biocom-
patibility [119].

Nanomicelle

Polymeric nanomicelle has become an intriguing vehicle for 
delivering a wide range of therapeutic medicines [120]. 
Polymers that self-assemble into micelles have a small interior 
diameter and are suitable for carrying cargo. Based on their 
hydrophilic and hydrophobic feature, they can do so at rela-
tively low quantities [121]. Recent research has shown that 
nanostructures of chitosan nanomicelles can transfect brain 
cells at therapeutically relevant doses. The benefits of chi-
tosan nanomicelles include their adaptability to surface mod-
ification, nontoxicity at the application concentration, and 
biodegradability [74]. Because of these properties, chitosan 
nanomicelles are promising vehicles for transporting thera-
peutic agents, such as proteins, DNA, and antibodies, to the 
brain. A recent study found that conjugated chitosan NPs 

significantly reduced α-syn aggregation in vitro and had sub-
stantial neuroprotective benefits in models of PD. Conjugation 
with other polymers, such as chitosan, can also improve 
transport across the BBB [122].

Routes of exposure to NPs

The link between exposure, dose, and reaction is the funda-
mental concept behind NPs toxicology. So, it is reasonable to 
assume that if NPs reach the body, toxicological responses 
may be anticipated as a possible outcome. Although NPs are 
used in various biomedical and industrial applications, little is 
known about the potential toxicological consequences they 
could have on the pathology of biological systems. NPs can 
be ingested, inhaled, absorbed via the skin, or injected [123]. 
These are the primary ways that people are exposed to them. 
Once within the body, NPs can travel through the circulatory 
system and eventually arrive at their target cells or sites [124]. 
In addition, based on their properties, such as their size, 
shape, and high reactivity, they may be able to cross the BBB, 
or they may be able to reach the brain tissue via neurotrans-
mission along the olfactory bulb. Both routes are possible. 
Because the exposure could be accidental, it is essential to 
have information on the potential toxicity of these NPs on 
the various organ systems and the correlation between the 
exposure method and the effects of the NPs [77,78].

Biophysical aspect of PDT in brain disorders

The behaviour of NPs in biological systems and that of NPs in 
the environment are inextricably linked, and frequently asso-
ciated partnerships are required for such multidisciplinary 
study [125]. Knowledge of material science, particularly chem-
ical engineering, facilitates our understanding of the synthesis 
and physical properties of engineered NPs. Knowledge of 
organic and biochemistry allows us to describe engineered 
NPs composition, reaction, kinetics, and functionalization. 
Biophysics and biological chemistry knowledge in living sys-
tems emphasises the energetics, assembly, and interaction 
between NPs and solvent molecules, biomolecules, organ-
elles, cells, and organisms, which is complementary to molec-
ular cell biology information [126]. Because of their 
site-directed target delivery and capacity to cross through the 
BBB into the central nervous system, NPs have emerged as a 
breakthrough treatment for neurodegenerative illnesses such 
as Parkinson’s disease (PD) [127]. For example, NPs surface 
functionalised with peptidomimetic antibodies have been 
reported as molecular Trojan horses for transporting bulky 
molecules such as medicines and genes over the BBB 
[128,129]. However, at 20 nM concentration, biocompatible 
gold (Au) NPs have been shown to produce substantial -synu-
clein aggregation. Graphene is one of many NPs [130,131]. 
SPIONs (superparamagnetic iron-oxide NPs) have also been 
shown to block the fibrillation process during NDs [132,133]. 
Cerium oxide (CeO2) NPs have been shown to have neuropro-
tective potential due to their antioxidant and anti-apoptotic 
properties [134]. Recently, biological network representations 
and biochemical mathematical models have been utilised to 
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describe interactions (such as activating or inhibiting biologi-
cal molecular activities and routes between entities) and dis-
close pharmacokinetic mechanisms in specific systems [135].

Brain disorders, including cancer, are challenging for ther-
apists because of their fragile and sensitive organs. Different 
approaches are followed for this purpose, including surgical 
removal of the tumours, laser therapy, and chemotherapy. No 
method effectively achieves the required target rather than 
causing other pathological consequences [136]. PDT is an 
under-progressed method of treating the brain neoplasm. It 
is a specific and targeted way to treat inter-cranial tumours 
[137]. It is accepted worldwide now and followed for the 
treatment of cancers. The PS is delivered to the target site 
and excited with source light. After excitation, the PS initiates 
a physiochemical reaction through which the cancer cell 
degenerates or dies [138]. PS performance is based on its 
chemical structure. Organic and inorganic PS perform differ-
ently as anticancer agents [139].

Almost all forms of PDT require oxygen for their mood of 
action. Although clear evidence is lacking, Type I responses 
may be at work in some circumstances. The dominating pri-
mary reactions are type 1, often known as photodynamic sin-
glet oxygen (1O2) reactions [140]. In D2O,1O2 has about 20 
times longer lifespan (65 µs) than in H2O (3 µs) [141]. 
Cholesterol combines with singlet oxygen to produce a vari-
ety of oxidative metabolites. Because of its selectivity, choles-
terol is a valuable signal of singlet oxygen oxidation in situ 
when other detection techniques are challenging. The thera-
peutically approved sensitisers bind to membranes because 
they are lipophilic. PDT-induced cell death is frequently 
caused by membrane damage [142].

Light, oxygen, and a photo-reactive substance are the three 
essential components of PDT. The hybrid semiconductor parti-
cles absorb light energy, which is transferred to molecular oxy-
gen, forming deadly ROS [143]. While brain tumours cannot 
be directly exposed to light, even the most inaccessible brain 
tumours may become accessible during surgery. Light-based 
treatments may serve as an ideal intraoperative adjuvant ther-
apy. The benefits of nanoscale photosensitisation over ‘tradi-
tional’ PDT result from a synergistic combination of superior 
inorganic material physical characteristics [144]. Additionally, 
NPs can potentially cross biological barriers such as the BBB 
[145]. Although nanomaterials tend to aggregate passively in 
tumours due to the so-called improved ‘permeability and 
retention effect’ and are frequently used as ‘nanocarriers’ for 
chemotherapeutics, this passive technique has drawbacks due 
to its random delivery mechanism [146,147].

Biophysical behaviour of NPs in different neurodegenerative 
disorder therapy because of its role in tumour biology, the 
interleukin-13R2 receptor domain (IL13R2R) has received much 
attention. It binds to interleukin-13 (IL13), a crucial signalling mol-
ecule in cancer and inflammation, causing the ligand-receptor 
complex to be internalised into the tumour cell. On the surface 
of various malignancies, including GBM, IL-13R2R is shown to be 
selectively overexpressed [148]. For two reasons, PDT is tumour 
specific. The laser beam is directed towards the cancer, and the 
PS is tumour specific. The tumour selectivity of PS has been 
extensively studied elsewhere [149]. Systemically given sensitisers 
selectively localise in tumours because malignancies include 

numerous macrophages that store aggregated sensitisers and 
likely monomerize them. Since tumour vasculature is frequently 
leaky, PS aggregated or attached to macromolecules diffuse 
more easily into tumours than normal tissues, as shown in Figure 
3 [150]. Several sensitisers protonate and become more lipophilic 
when the pH of the extracellular compartment of tumours is 
decreased. The lymphatic system of many cancers is inadequate, 
allowing for longer retention of sensitiser molecules in tumours 
than in normal tissue [150]. The excited PS initiates the produc-
tion of ROS, leading to a reaction chain transferring the energy 
to macromolecules [27]. The macromolecules’ energy affects the 
cell organelles like lysosomes, mitochondria, endoplasmic reticu-
lum, and membrane. It loses its function once the energy affects 
the membrane and cell organelles. Ultimately, cell death occurs 
in several ways, such as necrosis, apoptosis, and immunological 
response [151].

Glioma is one of the most common and aggressive types 
of brain tumour, with a high fatality rate and a poor progno-
sis. It is treated with surgery, radiotherapy, and chemotherapy 
[152]. Due to gliomas’ specific pathological conditions and 
invasive growth patterns, chemotherapy remains the most 
convenient method for glioma treatment. Regulated drug 
release in response to endogenous stimulation, real-time 
monitoring of medication distribution in tissues, and synergy 
with other medicines to effectively limit tumour development 
or kill tumour cells are all possible [153].

Different inorganic metal NPs with a high specific surface 
area and customisable material characteristics are employed 
as nanomedicine delivery vehicles for complete disease diag-
nostics and therapy [154]. Different sizes of inorganic 
nano-metal carriers, for example, have been utilised to treat 
and diagnose brain gliomas. Ruthenium NPs have strong bio-
compatibility and surface functional modification; ruthenium 
NPs have potential usefulness as nano-carriers for anticancer 
medication delivery [155].

NPs and PDT in neurodegeneration

The small NPs have unique physiological properties like crossing 
the BBB and reaching the cells, which may facilitate nerve regen-
eration [156]. Evidence shows NPs can modulate electrical pro-
cesses and improve neural cell differentiation, rejuvenation, and 
survival [157]. Metallic NPs may affect neuronal electrical activity 
due to their conductivity and potential to react with neural cells 
[158]. Several types of NPs have been developed: gold, zinc 
oxide, Mn-ferrite, and carbon nanotubes, which manipulate neu-
ronal activity (Figure 4) [159]. Certain NPs, like silver and iron 
oxide, are toxic to neurons and cannot be used to modulate their 
activities [160]. Amplification of axon and dendritic outgrowth is 
a side effect of metal NPs, making them helpful for boosting 
neurite outgrowth. GNPs are used in biophotonics because of 
their surface plasmon resonance capabilities [161].

NPs treating Alzheimer’s disease

AD is a progressive neurodegenerative disorder that affects 
over 24 million people worldwide and has a massive medical 
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Figure 3.  Nano PS activity mechanism on the brain cancer cell. After the delivery of NP to the target site, it acts in two ways. It causes the aggregation of lym-
phocytes, which leads to the destruction of cancer cells via T-cells. The PS NPs can also aggregate at the target site where the light source induces their excitation 
and causes the cytoplasmic organelles to degenerate, so the cancer cells deactivate. (Illustration created with BioRender.com.).

Figure 4. T ransportation mechanism of NPs to the target site across the BBB. The neurovascular unit is a sophisticated network that controls the metabolic 
demands of brain cells by adjusting cerebral blood flow and solute traffic across the BBB in response to central nervous system inputs, both physiological and 
pathological. (Illustration created with BioRender.com.).
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and socio-economic impact [162]. While there is a wide range 
of active pharmaceutical ingredients (API) available for the 
prevention and possible therapy of AD, their application is 
restricted by the selective nature of the BBB as well as their 
significant peripheral side effects [163].

Chitosan NPs are the best option since they can be produced 
quickly and efficiently, and the material and production costs are 
inexpensive [164]. On the other hand, the poor water solubility 
of most chitosan forms can impede the creation of 
nano-pharmaceuticals. Moreover, chitosan is soluble in a dilute 
aqueous acidic environment (pH 6.5), allowing it to be engi-
neered into NPs using several processes such as emulsification, 
reverse micellization, ionic gelation, and desolation [165].

GNPs with specific physical and chemical benefits also per-
form effectively in AD diseases [166]. Sensors, catalysis, enzyme 
detection, medical imaging, antibody detection, immunoassays, 
DNA absorption and release, protease fluorescence detection, 
and neurochemical quantification are the applications of GNPs 
that can be achieved while treating AD [167].

Numerous studies on chitosan-based NPs demonstrate 
potential nanocarriers for targeted nasal-brain medication 
delivery in treating nervous system illnesses [168]. These par-
ticles improved penetration by causing mucosal adhesion and 
encouraging contact between the positive amino groups of 
chitosan and those of damaging mucosal sialic acid or other 
negative groups. However, further research is needed, such as 
toxicity testing of these NPs for long-term usage [169,170]. 
The most widely used NPs are porphyrin, phenothiazine, and 
cyanine [171]. Recently, a few types of APIs, like cholinester-
ase and phosphodiesterase inhibitors, have been suggested 
as a treatment for the symptoms of AD [172]. These parame-
ters are used to treat AD tau hyperphosphorylation, 
non-steroidal anti-inflammatory medications (NSAIDs), and 
antioxidants (e.g. GSK3 serine-threonine kinase inhibitors), 
stem cells, neurotrophins (brain-derived neurotrophic factor), 
vitamins, metal chelators, and methylene blue, an inhibitor of 
intracellular NFTs [173].

NPs treating Parkinson’s disease

While treating PD, nanometer-targeting drugs, magnetic NPs are 
more efficient than other nanocarriers. These particles have a 
small particle size and large surface area and exhibit superpara-
magnetic behaviours [174]. These properties can cope with tradi-
tional administration problems [168]. In the case of PD, the 
long-chain oleic acid (OA) polymer and its salts are examined, 
which prevents the aggregation of iron oxide NPs and for effi-
cient medication administration [175]. On the other hand, it is a 
nanopolymer material with a low critical solution temperature 
(LCST), thermo-responsiveness, and pH sensitivity. These proper-
ties of NIPAm allow for targeted and controlled release. Moreover, 
research has shown that nerve growth factor (NGF) and its asso-
ciated receptor tyrosine kinases are essential for neuronal survival 
and development [176]. Prussian blue NPs, metal oxide NPs, 
quantum dots, and several other types of NPs have also been 
reported to treat PD CuxO NP clusters (NCs) due to their biocom-
patibility and mimicking behaviour with proteins CAT, GPx, and 
SOD, CuxO NCs because of having the antioxidant potential in 

treating PD [177]. In an in vitro study, the variability of CuxO NCs 
was examined in different cell cultures. Using NIH-3T3 cells, the 
protective role played by CuxO NCs against UVA-induced cell 
death was evaluated. In UVA-treated NIH-3T3 cells, CuxO NCs sig-
nificantly improved cell viability and inhibited apoptosis [178]. 
Recent research has demonstrated that neurotrophin receptor 
(Trk) internalisation and trafficking pare vitalin 
neurotrophin-mediated signalling. Growing evidence from PD 
research has revealed the relevance of NGF in promoting cancer 
cell uptake via NGF receptor-mediated endocytosis [179].

Gene therapy linked with effective RNA interference is 
another option in PD treatment that incorporates strategies 
to successfully transfer genetic carriers to target cells without 
producing toxicity or adverse effects. In gene therapy, viral 
vectors are commonly utilised [180]. Unfortunately, research-
ers have discovered that viral vectors used to treat many neu-
rological illnesses have serious side effects: they appear to 
cause potent immunogenicity, mutagenesis, and other bio-
hazards, limiting their application [181]. NPs have a clear 
advantage for gene therapy in nervous system illnesses 
because they can directly target cells, prevent gene integra-
tion, and are less immunogenic. Nonetheless, magnetic NPs 
utilised as a gene delivery mechanism have been described 
rarely, notably in PD [116,176].

As a benefit of NPs, numerous nanocarriers were designed to 
carry medication to treat PD efficiently. Lactoferrin-modified poly-
amidoamine (PAMAM) and polyethyleneglycol (PEG) NPs contain-
ing a neurotrophic factor gene (hGDNF), a plasmid for the human 
glial cell line, were created [182]. Pahuja et  al. synthesised 
dopamine-loaded PLGA (DA-PLGA) NPs that traversed the BBB 
primarily in the substantia nigra and striatum (PD-altered areas) 
of 6-hydroxydopamine rats to efficiently transport dopamine to 
the brain via BBB efficiently [183]. According to their findings, 
DA-PLGA NPs reduce the toxicity of bulk dopamine and offer a 
unique treatment option for PD. After that, other medications, 
such as ropinirole (RP) drug loaded into PLGA NPs, were pro-
duced to demonstrate drug transport to the brain for treating PD 
with notable outcomes [183,184].

PDT with NPs for stroke

A stroke, characterised by a reduction or blockage of blood 
supply to the brain, remains a significant concern for neuro-
logical disorders. NPs can deliver neuroprotective agents to 
treat stroke-induced neuronal tissue damage. For instance, a 
selective caspase-3 inhibitor (Z-DEVD-FMK)-loaded chitosan 
NPs linked with a transferrin receptor antibody demonstrated 
encouraging effects in stroke therapy. In a middle cerebral 
artery occlusion (MCAO) mouse model of stroke, these nano-
composites crossed the BBB, leading to a substantial reduc-
tion in infarction volume (by around 40%) and neurological 
impairments induced by ischaemia [185].

Another promising neuroprotective agent is adenosine, 
known for its moderate toxicity and short half-life in circula-
tion. To address these limitations, researchers have designed 
NPs by conjugating adenosine with squalene. The function-
alised NPs reduced the infarction area while improving neu-
rological deficiency scores [186]. Mesenchymal stem cells 
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(MSC) based on therapeutic techniques have received much 
interest due to their potential advantages. Still, their applica-
tions are restricted due to poor transport to injured tissues 
and insufficient release of neuroprotective proteins [187]. To 
counter these challenges, magnetosome-like ferrimagnetic 
iron oxide nano-chains (MFIONs) establish non-viral, magnetic 
field-independent gene transfection methods offering a 
promising avenue for post-stroke recovery [188]. These exam-
ples underscore the evolving role of NPs in treating stroke 
and their potential to enhance therapeutic outcomes for this 
devasting neurological condition.

Huntington’s disease

Selenium NPs are used in therapy to regulate HD-related cog-
nitive and neurological disorders [189] and prevent the fibril-
lation of proteins in the extracellular space, blocking the 
aggregation of polyglutamine-containing mutant huntingtin 
protein in model neuronal cells and suppressing mutant hun-
tingtin aggregates in HD [190]. The designed poly (trehalose) 
NPs are 1000–10,000 times more efficient than molecular tre-
halose [191]. For effective brain targeting, entrance into neu-
ronal cells, and suppression of mutant huntingtin aggregation, 
trehalose NPs with a zwitterionic surface charge and a treha-
lose multivalency (i.e. number of trehalose molecules per NP) 
of ~80–200 are crucial [192].

Amyotrophic lateral sclerosis (ALS)

Strategies based on nanotechnology make use of NPs that 
have shown impressive potential in delivering single or mul-
tiple therapeutic agents [91,193,194]. Metallic copper NPs (Cu 
(II) ATSM) transport copper into neurons using destructive 
mitochondria [195]. Different studies suggest using miRNA as 
a treatment for ALS [196]. The miRNA delivery system may 
include viral vectors and natural materials, e.g. lipids and 
polymers [25,197]. Cerium oxide NPs (CeNPs) are effective 
against ROS and nitrogen oxides. It can protect molecular 
oxygen from forming ROS and anti-inflammation in a cell 
[198]. The administration of (CeNPs) can reduce disease sever-
ity and improve survival [199].

Advantages of PDT

PDT has various benefits compared to more standard meth-
ods of treating cancer. Skin becomes more photosensitive 
after being exposed to first-generation PS. When used appro-
priately, however, PDT has no lasting negative consequences. 
It requires less downtime than traditional operations and can 
be performed without hospitalisation. PDT can kill the tumour 
and its blood supply, a significant factor in tumour metastasis 
and invasion [200]. PDT’s dual selectivity allows precise and 
direct application in the desired tissue. The selective nature of 
PDT is due to two prime primes: the ability of some PS to 
accumulate in tumour tissue preferentially and the ability of 
light to be irradiated only in the target tissue. Since PS is 
applied directly to the lesions to be treated, it is more likely 
to accumulate selectively in the tumour in the case of topical 

application. To be effective, PS administered intravenously 
must first reach and accumulate within the tumour [37]. Yet, 
unlike radiation, PDT can be administered multiple times to 
the same spot. After recovery, there is minimal to no scarring. 
Finally, the cost is typically lower compared to other thera-
peutic modalities in cancer treatment. Many of PDT’s applica-
tions rely on advances in the physical, chemical, and 
pharmacological sciences, and the area that studies them is 
an interdisciplinary one spanning the physical and life sci-
ences. The importance of finding novel PS or improving exist-
ing ones is high, as this may enhance the anticancer effects 
of PDT [106].

Demerits of PDT with NPs in brain disorders

Around 20 PSs have been marketed or employed in clinical 
studies. However, conventional PDT suffers several significant 
obstacles that limit its widespread clinical application. To 
begin, tumours often exhibit atypical cell proliferation, apop-
tosis, deformed vasculatures, and related hypoxic conditions 
[201]. In such situations, residual tumour cells are likely to 
withstand the effects of standard PDT, resulting in limited 
tumour suppression or tumour recurrence, according to the 
PDT processes mentioned above. Second, due to the poten-
tial adverse effects on normal tissues, patients were advised 
to avoid exposure to sunlight/indoor light for an extended 
period following PDT therapy [202]. Moreover, the most 
recent available PDT regimens are only effective for surface 
therapy, making them ineffective for deep-seated cancers. In 
the face of these grave obstacles, researchers have made sig-
nificant attempts to overcome them.

Numerous reviews have been published on activatable PS 
and nano-system-based strategies for enhancing PDT. However, 
the molecular design of existing small-molecule PSs for directly 
resolving the fundamental PDT problems, such as finite tumour 
suppression, inadequate tumour targeting, and restricted ther-
apeutic depth, still needs further rigorous investigation [203].

Conclusions

PDT shows superior results for treating cancer due to fewer 
side effects and high target specificity. Unlike radiotherapy 
and chemotherapy in PDT, the only area of affected tissue 
exposed to light is targeted and does not produce toxicant 
components. Efforts have been made to design effective PS 
for PDT and small-size NPs further due to their high surface 
areas, and biocompatibility is rigorously studied. Gold 
nanorods, for instance, have a higher PDT effect (at least 10 
folds) than the PTT effect in killing tumour cells. NPs also 
have high extinction coefficients and utilise low light intensi-
ties and irradiation time in targeting deep tissue tumours. 
These properties of NPs help switch the dominant roles of 
PDT and PTT by changing the activation wavelength. The 
SNPs are dynamic and can be translated into highly tuneable 
optical features, which can be used for attractive applications 
in PDT. PDT also shows effectiveness for other major brain 
diseases, like caspase-3 inhibitor (Z-DEVD-FMK)-loaded 
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chitosan NPs linked with a transferrin receptor antibody and 
DA-PLGA NPs demonstrated encouraging effects in stroke 
therapy. The Prussian blue NPs, metal oxide NPs, quantum 
dots, and several other NPs effectively reduce the disease 
mechanism of PD.

The significant progress in PDT, especially in synergy with 
nanotechnology, offers a promising glimpse into the future. 
Anticipated advancements include refining PS and NPs selec-
tion, optimising delivery methods, and ultimately enhancing 
the precision and effectiveness of PDT in treating neurologi-
cal disorders. The integration of biophysical insights and nan-
otechnology promises a more personalised treatment 
approach. Future research should prioritise safety, long-term 
effects, and potential combination therapies to leverage PDT’s 
potential fully. The emergence of PDT as a potent, non-invasive 
therapeutic option for neurological disorders is on the hori-
zon, instilling fresh hope for patients and healthcare provid-
ers. The outlook is optimistic, with PDT poised to play a 
pivotal role in addressing the complexities of neurological 
disorders.

Recently, the U.S. Food and Drug Administration (FDA) 
introduced the recommendations for low-level light therapy 
(LLLT) devices considering coder of federal regulations (CFR) 
878. These guidelines aim for faster approval processes for 
novel treatments based on PDT. These recommendations can 
considerably reduce the time it takes for PDT-related research 
to get from preclinical research to clinical trials and, finally, to 
market. Changes in FDA rules may broaden the permitted 
indications for some photosensitizers or PDT procedures. This 
expansion of uses may open novel possibilities for studying 
PDT in treating neurological diseases. The FDA has used pro-
grams such as Fast Track, Breakthrough Therapy, and 
Accelerated Approval to speed the review of medications that 
address unmet medical needs. If these programs continue to 
evolve, they may provide a speedier regulatory pathway for 
PDT for neurological disorders. Additionally, the FDA 
Modernisation Act 2.0 eases the preclinical testing process for 
novel therapies by accepting cutting-edge microphysiological 
systems-based alternatives to animal testing. Hence, the 
approval process for PDT-based modalities will be swifter 
than before.

In conclusion, despite the controversy, reports show no 
harmful effects of laser treatments. Laser treatments show 
minimally invasive procedures and satisfactory results, requir-
ing further investigation. Using different PS, PDT therapy tar-
gets malignant brain tumours, primarily gliomas. However, 
the process is generally still in the clinical trial stages and not 
ready to be used as a standard treatment strategy.
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