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Introduction
Alpha-lipoic acid (1, 2-dithiolane-3-pentanoic acid) 
(ALA) also known as thioctic acid is a strong antioxidant 
that has attracted considerable attention to itself. ALA 
known as "The universal antioxidant", has turned into a 
typical component of multivitamin formulations.1-3 ALA 
comes in two different isomers: R- and S-α-lipoic acid 
(Fig. 1). R-α-lipoic acid is found in the mitochondria of 
animals and plants, where it functions as a cofactor for the 
complexes of pyruvate dehydrogenase (PDH) and other 
substances such as α-ketoglutarate dehydrogenase.2,4 

There is no S-α-lipoic acid in the nature.4 Dihydrolipoate, 
a reduced version of lipoate, interacts with singlet oxygen, 
peroxyl radicals, hydroxyl radicals, superoxide radicals, 
and other various oxygen radicals and it has advantageous 
roles in recycling vitamin E and safeguarding cell 
membranes.1 Numerous additional effects of ALA such 
as chelating metals, improving the handling of glucose 
and ascorbate, raising endothelial nitric oxide synthase 
(eNOS) activity, activating phase II detoxification through 
the transcription factor Nrf2, reestablishing intracellular 
glutathione levels, and reducing MMP-9 and VCAM-1 
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Abstract
Alpha-lipoic acid (ALA) has garnered significant 
attention for its potential therapeutic  benefits across 
a wide spectrum of health conditions. Despite its 
remarkable antioxidant  properties, ALA is hindered 
by challenges such as low bioavailability, short 
half-life, and  unpleasant odor. To overcome these 
limitations and enhance ALA's therapeutic efficacy, 
 various nanoparticulate drug delivery systems have 
been explored. This comprehensive review  evaluates 
the application of different nanoparticulate carriers, 
including lipid-based  nanoparticles (solid lipid 
nanoparticles, niosomes, liposomes, nanostructured 
lipid carriers   (NLCs), and micelles), nanoemulsions, 
polymeric nanoparticles (nanocapsules, PEGylated 
 nanoparticles, and polycaprolactone nanoparticles), 
films, nanofibers, and gold nanoparticles,  for ALA 
delivery. Each nanoparticulate system offers unique 
advantages, such as improved  stability, sustained release, 
enhanced bioavailability, and targeted delivery. For example,  ALA-loaded SLNs demonstrated 
benefits for skin care products and skin rejuvenation. ALA  encapsulated in niosomes showed 
potential for treating cerebral ischemia, a condition largely  linked to stroke. ALA-loaded cationic 
nanoemulsions showed promise for ophthalmic  applications, reducing vascular injuries, and 
corneal disorders. Coating liposomes with  chitosan further enhanced stability and performance, 
promoting drug absorption through the  skin. This review provides a comprehensive overview 
of the advancements in nanoparticulate  delivery systems for ALA, highlighting their potential 
to overcome the limitations of ALA  administration and significantly enhance its therapeutic 
effectiveness. These innovative  approaches hold promise for the development of improved ALA-
based treatments across a  broad spectrum of health conditions. 
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effectiveness of ALA (Table 1). Therefore, the goal of this 
review was to describe several nanoparticulate systems 
that have been used to increase the therapeutic efficacy of 
ALA (Fig. 2). 

Search Strategy
A comprehensive search was conducted by using some 
online databases including PubMed, Scopus, Web of 
Science, and Google Scholar without date limitation 
from inception to August 30, 2023, to identify studies 
on “alpha lipoic acid- nanoparticles” and its diverse 
therapeutic effects. In this study, all in vitro, in vivo, and 
clinical studies were considered. In addition, the following 
medical keywords were investigated and included: 
"Alpha-Lipoic Acid," "Acid, alpha-Lipoic," "Lipoic Acid," 
"ALA," "1, 2-dithiolane-3-pentanoic acid," "drug delivery," 
“nanoparticle,” “nanocarrier,” “lipid nanoparticle,” 
“dendrimer,” “liposome,” “nanoemulsion,” “nanofibers,” 
“micelles,” “polymeric nanoparticle,” “quantum dots,” 
“nanogel,” “nanosphere,” and “nanocapsule.” Then, all 
relevant original articles were retrieved and based on 
their contents classified in the body of our article and 
summarized in Table 1. 

Lipid-based nanoparticles carriers
Lipid-based drug delivery systems can be mainly classified 
into vesicular systems and lipid particulate systems. Here, 
some of these nanoparticles used as ALA delivery systems 
are presented and are briefly listed in Table 1.

SLNs
Among the nanoparticles with submicron sizes ranging 
from 50 to 1000 nm, the significant potential of SLNs 
as oral drug delivery formulations take them into the 
center of attention.37,38 Due to their unique property, 
lymphatic pathways facilitate the transportation of SLNs 
into the systemic circulation. This mechanism prevents 
enzymatic degradation in the liver, leading to enhanced 
bioavailability of the encapsulated drug and a reduction in 
dose-dependent toxicity.39 As mentioned before, ALA has 
a low stability, therefore ALA as an antioxidant agent has 
a great potential to be encapsulated in SLNs. Dhaundiyal 
et al investigated entrapped ALA into SLNs in SD rats 
via oral administration and while tamoxifen served 
as a drug model. Prepared SLNs exhibited a spherical 
morphology with a smooth surface. The average size of 
nanoparticles was 261.08 ± 2.13 nm, with an entrapment 
efficiency of 40.73 ± 2.83%. The release of the drug in 
tests was slow and pH-dependent, resulting in a 1.59-
fold increase in bioavailability compared to the regular 
suspension. Results proved that the ALA-loaded SLNs 
reduce the activity of ALT and AST enzymes in the liver. 
Furthermore, the levels of TBARS, GSH, GPx, CAT, and 
SOD as antioxidant enzymes were significantly higher than 
the normal range. So, these results suggest that ALA has 
hepatoprotective action against tamoxifen hepatotoxicity 

expression through repression of NF-kappa-B have been 
documented.3 Due to the mentioned positive effects, 
ALA has been demonstrated to be helpful in ischemia-
reperfusion injury.5 It prevents diabetic polyneuropathies,6 
cataract development, HIV activation, radiation injury,1 
obesity, abnormalities in pregnancy,2 neuropathic pain,7 
neurodegeneration, autoimmune diseases including 
systemic lupus erythematosus, rheumatoid arthritis, and 
primary vasculitis, as well as multiple sclerosis,7,8 and has 
anti-inflammatory and anticancer activities.10

ALA provides a variety of advantages; however, 
pharmacokinetic limitations reduce its therapeutic 
effectiveness. Actually, ALA has a 30% bioavailability.9 In 
addition to its poor bioavailability, it is also characterized by 
its unpleasant odor, poor stability, and hepatic degradation 
which lead to a short half-life.9,10 Better pharmacokinetic 
parameters are shown by R-α-lipoic acid.2 Nanoparticles 
are some of the most adaptable and promising drug 
delivery systems to improve bioavailability, effectiveness, 
and access to difficult-to-reach areas like the brain.10,11 
Docetaxel (DTX) and ALA were co-administered to 
4T1 (murine mammary cancer) and MCF-7 (human 
breast adenocarcinoma) in an in vitro study by Kothari 
et al to treat breast cancer. The developed solid lipid 
nanoparticles (SLNs) were used as an example of how 
effective this combination is in cytotoxic and apoptotic 
potential as well as absorption efficiency.12 Alvarez-Rivera 
et al set out to create ALA formulations based on micelles 
with the goal of boosting apparent solubility by more than 
ten times when compared to commercially available eye 
drops. The nanomicelle formulations passed the hen's egg-
chorioallantoic membrane (HET-CAM) test effectively 
and significantly improved ALA flow through the cornea 
and decreased lag time.13 Besides, nanospheres exhibited 
exceptional levels of physical and chemical stability in 
order to serve as a therapeutic agent with antioxidant 
properties and encapsulation of ALA into these particles, 
offering a promising approach for the prevention and 
treatment of diseases associated with oxidative stress.14

Given all of the aforementioned information, it 
is imperative to develop nanoparticulate delivery 
technologies to lessen restrictions and increase the 

Fig. 1. Chemical structures of R and S isomers of α-lipoic acid. 
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Table 1. A summary of different studies in ALA nanoformulations and drug delivery  systems

Type of particle Study 
model Type of delivery Results Ref

Eudragit E100 films with 
ALA-loaded nanoparticles In vivo Ocular injection Concentrations of ALA in cornea ↑

Mucoadhesivity ↑
15

Niosomes In vivo IP injection Brain edema after traumatic injury ↓
Cerebral ischemia ↓

16

Self-Nanoemulsifying 
delivery systems In vivo Stomach ulcer injection Gastroprotective effects of ALA against indomethacin gastric ulcer ↑ 17

Liposomes In vitro - Cisplatin-induced ototoxicity ↓ 18

Pluronic F127-based 
nanoparticles In vivo Intratympanic injection

Acute hearing loss ↓
Membrane penetration of ALA ↑
Levels of antioxidant proteins like HO1, Nrf2, SOD1, and SOD2 ↑

19

SLNs In vitro - Cellular uptake of ALA and controlled release of ALA ↑
Apoptosis and cytotoxicity of 4T1and MCF-7 breast cancer cells ↑ 20

Cationic nano-emulsions In vivo Ocular injection Corneal epithelium, endothelium and stroma edema, and inflammatory 
cells ↓

21

Gold nanoparticles In vitro - Expression levels of Runx-2, BMP-2, and OCN ↑
 Osteoblast differentiation ↑

22

Nanofibers In vivo Local implantation Regeneration process of the injured sciatic nerve in PNI mouse ↑ 23

Nanofibrous patches In vitro - ROS damage ↓
 Heart function after myocardial injury ↑

24

Lipid nanocapsules In vivo Percutaneous injection ALA has the potential to be utilized as a formulation for topical 
administration

25

NLCs In vitro - Stability, solubility, and release of ALA ↑ 26

Nano-capsules In vitro - Stability, absorptive efficiency, and bioavailability of ALA ↑ 27

VNP nanomicelles In vitro - Stabilization and ALA loading in polymeric micelles ↑ 28

PEGylated nanoparticles In vivo Tail vein injection DOX-loaded PEG-PαLA NPs displayed effective antitumor activities
PEG-PαLA NPs exhibited reduced side toxicities of DOX

29

Self-nanoemulsions In vivo Transdermal patch Transdermal patch could be a successful strategy for the treatment of ED 
in diabetic patients.

30

Polycaprolactone 
nanoparticles

In vitro -
Loading of GN with ALA on PCL-NPs could be a successful strategy to 
inhibit GN nephrotoxicity and extend GN release, which enhances its 
safety and dose frequency profiles

31

SLNs In vivo - Activity of antioxidant enzymes ↑
Hepatotoxicity of tamoxifen ↓

32

Soluplus nano micelles In vivo Ocular injection Performance of ALA compared to currently available eye drop solutions ↑ 33

Chitosan-coated 
liposomes In vitro - Encapsulation efficiency of ALA also increased by interacting with the 

chitosan shell antioxidant defense mechanisms ↑
34

Electrospray system In vitro - Anti-inflammatory ability of ALA↑ 35

SLNs In vitro - Efficiency and effectiveness of ALA topical drug delivery ↑ 36

Abbreviation: IP: intraperitoneal, ALA: Alpha Lipoic Acid, NLC: Nanostructured lipid carrier, DOX: Doxorubicin, PEG: Pegylated, PαLA: Poly α-lipoic acid, 
GN: Gentamicin, NPs: Nanoparticles, SLN: Solid lipid nanoparticle, VNP: Vinpocetine, PCL: Polycaprolactone

and besides that, ALA-SLN shows promise in improving 
the oral bioavailability of tamoxifen but more studies are 
recommended for depicting the molecular mechanisms 
that may provide deeper insight toward improved 
therapeutic outcomes.40

 Due to their special properties, SLNs represent great 
potential for topical drug delivery and cosmeceuticals.41 
In fact, SLNs provide UV-resistant properties which may 
lead to better skin hydration.42 ALA is an antioxidant 
that inhibits chemical bonds between proteins and other 
macromolecules which are responsible for the aging 

process by causing wrinkling of skin and stiffening 
of joints.43 So the interest in ALA has been growing 
significantly for skin care products, and this study 
reached the conclusion that application of ALA with SLNs 
represents a magnificent formulation for skin rejuvenation 
and treating its disorders.36

Niosomes
Vesicular systems represent innovative approaches for 
the controlled delivery of drugs in order to improve their 
bioavailability and extend their therapeutic effects over a 
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longer period of time.44 Niosomes are an important class 
of lipid-based vesicular systems and with their special 
and unique benefits for targeting drug delivery, they 
have earned much attention over the past 35 years.44-46 
The physicochemical stability of antioxidants in lipid-
based vesicular systems was investigated to enhance 
their bioavailability.47 It has been declared that niosomes 
have great potential for delivering antioxidants through 
various administration routes, such as intravenous 
injections, topical applications, and oral ingestion due to 
their unique properties.47,48 In a study by Raeisi Estabragh 
et al, the application of ALA in niosomal form to treat 
cerebral ischemia has been declared.16 Cerebral ischemia 
is a neuronal disorder, to which eighty percent of strokes 
are related.49 Free radicals such as hydroxyl and peroxide 
have a major role in the incidence of cerebral ischemia.50 
So, antioxidants like ALA may have some therapeutic 
effect on it.51 In the mentioned study, encapsulation of 
ALA into the niosomes increased ALA's bioavailability 
and penetration into the rats' CNS and controlled its 
therapeutic activity. In fact, ALA is a lipid-soluble 
antioxidant.16 However, it is not suitable for intravenous 

injection to provide a proper concentration in damaged 
brain tissues.52 The film hydration technique is used to 
produce niosomes containing ALA. The encapsulation 
efficiency percentage was 94.5 ± 0.2%. In vitro release 
studies showed 59.27 ± 5.61% release during 240 minutes, 
suggesting potential applications in treating brain injuries 
and neurodegenerative diseases caused by oxidative stress 
and free radical generation.  The ability of surfactants 
to  create bilayers and the presence of cholesterol, as the 
major sterol in biological membranes, in the niosomal 
structure allows for the drug carrier to pass through the 
blood-brain barrier, making it an effective targeted drug 
delivery system to CNS.53,54 So the administration of ALA 
niosomes decreased shrunken neurons and significantly 
increased viable cells, and ischemia could be treated 
afterward.16

Nanostructured lipid carriers (NLCs) 
Multiple studies have demonstrated that lipid 
nanoparticles can serve as carriers to address challenges 
associated with delivering lipophilic compounds to 
the intended site.55 These particles, called NLCs, are 

Fig. 2. A summary of various α-lipoic acid loaded nanoparticles for targeted drug delivery.
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composed of lipids, surfactants, and phospholipids that 
are both biodegradable and biocompatible.56 NLCs are 
drug delivery systems that consist of both solid and liquid 
lipids.26 They have the ability to enhance the absorption 
of topical medications, reinforce their protective 
properties, and minimize adverse effects.57 Common 
solid components include glyceryl behenate, glyceryl 
palmitostearate, waxes, fatty acids, and steroids. The 
liquid oils used are typically digestible oils obtained from 
natural sources. In a study by Wang et al, NLCs containing 
ALA were prepared and their stability, solubility, and 
compatibility with HaCaT cells during co-incubation 
were investigated. HaCaT cells are a type of permanent 
epithelial cell line derived from adult human skin.58 These 
cells were typically cultured in a 90% minimum essential 
medium. The study also investigated the sustained release 
of ALA in aqueous media using nanoparticle-mediated 
delivery techniques. By addressing challenges such as 
poor solubility, sensitivity, unfavorable bioavailability, and 
physicochemical instability, the NLC formulation showed 
promise in enhancing the efficacy of active ingredients 
like ALA in biomedical and industrial applications.26 
ALA is suitable for transdermal administration due to 
its favorable physicochemical properties. However, the 
hydrophobic nature of the material and its susceptibility 
to degradation from sunlight restrict its application.59,60 
Nano lipid carriers can efficiently encapsulate drugs 
that are both hydrophilic and hydrophobic. Due to the 
presence of a solid matrix, these lipid nanocarriers can 
also immobilize the drug and prevent the accumulation 
of nanoparticles over a prolonged period.61 However, 
research indicates that when nanoparticles are applied 
topically, they are rapidly eliminated by the skin's defense 
mechanisms due to their low viscosity. To address these 
limitations, a semi-solid system, such as a hydrogel, has 
been developed as a carrier for NLCs. This system has the 
appropriate viscosity and mechanical strength to prolong 
the retention of nanoparticles in the targeted area and 
enhance the duration of the drug's efficacy.62-65 Hydrogel 
comprises a combination of natural and synthetic 
components and as an important biomaterial, it has found 
extensive utilization in pharmaceuticals.66,67 In a study by 
Li et al, a hydrogel of ALA-NLC was prepared for topical 
drug delivery to the skin.68 The researchers produced ALA-
NLC, a lipid nanoparticle with a mean particle diameter of 
149.7 ± 5.4 nm, through the process of hot high-pressure 
homogenization. The stability of ALA-NLC is influenced 
by its zeta potential which exhibited a negative charge. 
The formulation demonstrates practicality, efficiency, 
and exceptional biocompatibility with HaCaT cells. The 
research investigated the release kinetics of ALA from a 
dialysis bag and found that the ALA-NLC formulation 
exhibited a significant delay in release compared to the 
free ALA. The ALA-NLC formulation demonstrated a 
prolonged release profile lasting up to 72 hours, with more 
pronounced sustained release characteristics. Additionally, 

the ALA-NLC formulation effectively prevented an initial 
burst release of 30.3% of free ALA (within the first 30 
minutes), in contrast to the significantly reduced burst 
release of only 6.9% in the first 30 minutes. This hydrogel 
has a positive effect on induced edema and erythema in 
animal models.

Liposomes
The initial study on enlarged phospholipid systems was 
conducted by Alec Bingham and his colleagues.69   Following 
that, the terms "bangosome" and "liposome" were used to 
describe any structure consisting of a phospholipid bilayer 
with two monolayers.70,71 Later on, Gregory Grigoriadis 
suggested that liposomes could serve as vehicles for drug 
delivery.72 Liposomes were subsequently employed as a 
technique to enhance drug absorption through the skin.73 
Liposomes have been extensively used for their diverse 
characteristics. Some studies focus on the effects of skin 
protective agents containing chitosan (CH), coenzyme 
Q10 (CoQ10), and ALA on the skin.74-76 CoQ10 is essential 
for cellular functions and has antioxidant characteristics 
that prevent reactive oxygen species from forming. ALA 
directly neutralizes free radicals and safeguards cells 
from oxidative damage. Both CoQ10 and ALA have 
significant roles in cellular processes. The combination of 
CoQ10 and ALA can boost the body's antioxidant defense 
mechanisms. However, both CoQ10 and ALA have low 
solubility in water and are unstable. CH has a positive 
charge. The liposome is coated with an adhesive material 
that can modify the surface charge of the liposomes 
and penetrate the skin barrier. In this study, CH-coated 
liposomes incorporating both CoQ10 and ALA were 
developed as a potential system for transdermal drug 
delivery. It was discovered that CH can create a polymer 
shell around the liposome, significantly improving 
its stability in terms of both chemical and physical 
properties. The dynamic light scattering technique was 
employed to measure the size, polydispersity index, and 
zeta potential of vesicles. The liposomes containing both 
CoQ10 and ALA exhibited a mean size of 183.4 ± 2.1 
nm and a polydispersity index (PDI) of 0.28±0.03. Upon 
coating the CoQ10 and ALA vesicles with CH, it was 
observed that increasing the CH concentration from 0.1 
to 0.3 (w/v %) led to a significant increase in both the size 
and polydispersity index compared to CoQ10 and ALA. 
Specifically, at a CH content of 0.5 (w/v %), the vesicle 
size increased to 279.9±2.3 nm with a PDI of 0.28±0.04. 
However, further increasing the CH concentration to 
0.7 (w/v %) and 1 (w/v %) resulted in an upward trend 
in both PDI and size of the CH-coated CoQ10 and ALA 
vesicles. The study showed that liposomes containing 
both CoQ10 and ALA improved the accumulation and 
absorption of CoQ10 and ALA in rabbit skin and could 
enhance antioxidant defense mechanisms. This indicates 
that liposomes can be highly efficient in the delivery of 
these two substances and improve their pharmacological 
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effect in the body, but authors of this study also suggest 
that further in vivo experiments will need to evaluate 
the therapeutic performance of the designed liposomes 
by determining the pharmacokinetics profile and the 
protective activity.34

Lipid nanomicelles
Nanomicelles are considered some of the most promising 
strategies for topical drug delivery.77 These nanoparticles 
enable controlled release at the targeted site and besides, 
they can protect the drug from degradation and ensure 
a consistent therapeutic concentration within the tissue.78 
In a study by Rivera et al, ALA was encapsulated by 
nanomicelles, and its therapeutic effect on diabetes-
associated corneal disease was evaluated.13 Nanomicelles, 
as some of the most promising strategies for ophthalmic 
formulation, can be considered  due to their ability to 
enhance the solubility of hydrophobic agents in aqueous 
environments, extend retention time on the ocular 
surface, and improve their ability to penetrate and be 
absorbed by tissues.79,80 In the eyes, ALA attenuates 
vascular injuries and subretinal space and rod alterations 
that happen by oxidative stress.81 Besides, ALA can reduce 
vascular damage and proliferation in the membrane of 
the corneal nerve fiber82 So, it can be considered that 
ALA probably has some benefits for eye disorders. In the 
mentioned study, formulation of ALA into the Soluplus 
nanomicelles is considered non-irritating for the eye, and 
its application may be an advantageous choice to current 
formulation strategies of ALA for the treatment of retinal 
and corneal diseases, especially those related to diabetes. 
In the above study, the formulation of ALA into Soluplus 
nanomicelles significantly increased the solubility of ALA 
by more than 10 times. Furthermore, these nanomicelles 

exhibit temperature-dependent rheological properties, 
transitioning from a free-flowing liquid state to weak gels 
at the temperature of the ocular surface. This characteristic 
may have positive implications for the duration of drug 
residence in the eye. The use of Soluplus nanomicelles 
also leads to a notable improvement in the permeation 
of ALA through the cornea, reducing the lag time. 
Additionally, these nanomicelles demonstrate stability 
when subjected to strong dilution, filtration through 
sterilizing membranes, freeze-drying, and application of 
it may be an advantageous choice to current formulation 
strategies of ALA for the treatment of retinal and corneal 
diseases, especially those related to diabetes.13 Schematic 
application of ALA nanoparticles in ophthalmic cases has 
been summarized in Fig. 3.

Nanoemulsions
In recent years, application of the nano-sized 
emulsions has been studied.83 The advantages of this 
system include:  sub-micrometer droplet size range, 
natural biodegradability, sterilizability, and improved 
bioavailability.84,85 Due to these advantages, the nano-
sized emulsion has gained recognition as a promising 
drug delivery vehicle or carrier, especially for topical 
and ocular forms.86 As a powerful antioxidant, ALA can 
be used for ophthalmic complications, and it leads to 
capillary injury relief and corneal epithelium reparation, 
and it reduces vascular proliferation through the 
regulation of vascular endothelial growth factor levels.87,88 
In a study by Mahmoudi et al, encapsulation of ALA into 
cationic nanoemulsions for the preparation of an efficient 
ophthalmic formulation has been studied.21 Cationic 
nanoemulsions as a kind of cationic carrier engage in 
electrostatic interactions with the negatively charged cell 

Fig. 3. Overview of numerous ocular drug delivery systems of α-lipoic acid. 
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membrane that lead to prolonged residence time and 
better penetration efficiency and bioavailability.89,90 The 
average size of the nanoparticles in the ALA-containing 
cationic nanoemulsion was found to be 289.13 ± 4.55 
nm, while the zeta potential was measured to be 40.5 ± 
1.10 mV. It was observed that the entrapment of ALA in 
the nanoparticles resulted in an increase in their size by 
approximately 150 nm. However, this entrapment did not 
have any effect on the surface charge of the nanoparticles, 
which was expected due to the presence of cetalkonium 
chloride as a cationic preservative and agent. The water 
solubility of ALA was significantly enhanced by cationic 
nanoemulsion, resulting in a 7-fold increase with a 
loading efficiency of 61%. An assessment of rheological 
parameters revealed that the entire tear film demonstrates 
non-Newtonian shear-thinning characteristics, implying 
that the viscosity of tears decreases when subjected to 
the shear rate during eyelid motion. The osmolality of 
the formulated solution was measured to be 595.66 ± 
2.30 mOsm/kg, indicating that it falls within a non-
irritant range and is therefore suitable for use. The 
release study was carried out at a controlled temperature 
of 34 ± 0.5 °C, specifically targeting the ocular surface. 
During the experiment, it was observed that up to 10% 
of the entrapped ALA was released within the specified 
time frame. After 6 hours, the release of ALA reached a 
plateau, indicating that the nanoemulsions functioned 
as a reservoir and facilitated a sustained release pattern. 
Application of ALA in rabbits’ eyes showed a reduction 
in corneal epithelial, endothelial, and stromal edema, as 
well as inflammatory cells.21 In another research by Jung 
et al, the usage of ALA for treating acute hearing loss has 
been surveyed. During this study, ALA was encapsulated 
by Pluronic F-127 nanoparticles which were fabricated by 
an oil-in-water emulsion method.91 These nanoparticles 
were 87.3 ± 5.3 nm in diameter and had a spherical 
shape which leads to a slower and prolonged release of 
ALA. As an antioxidant, ALA can preserve ototoxicity 
by increasing the level of antioxidant proteins HO1, 
Nrf2, SOD1, and SOD2.92,93 But as we mentioned before, 
systematic administration of ALA has several drawbacks 
as the drug is only minimally absorbed by the cochlea, 
due to the blood–labyrinthine barrier.94 But usage of 
nanoparticles in the inner ear in several cases showed that 
we can overcome these obstacles.95,96 This study concluded 
that ALA has great potential for treating hearing loss by 
loading in emulsion-made nanoparticles. Although the 
authors of this study mentioned that they were unable to 
measure the ALA concentration in the inner ear tissue, 
further studies are needed to find a proper therapeutic 
dose for the injection of ALA nanoparticles into the inner 
ear.91 

Polymeric nanoparticles
In recent years, there has been significant interest 
in polymeric nanoparticles due to their small size 

and unique characteristics.97-99 In order to safeguard 
pharmaceuticals and other biologically active compounds 
from potential environmental degradation, actions 
have been taken. Polymeric nanoparticles can improve 
bioavailability and therapeutic effectiveness.97,100 The 
term "nanoparticle" encompasses both nanospheres and 
nanocapsules, which have distinct differences in terms 
of their shapes. Nanocapsules are composed of a central 
oily core that contains the drug, enclosed by a polymer 
shell that controls the drug's release. On the other hand, 
nanospheres are composed of a continuous polymer 
network where the drug can either be encapsulated within 
or adsorbed onto their surface.101-103 Among the types of 
polymeric nanoparticles, three types of nanocapsules, 
PEGs, and polycaprolactone can be mentioned.

Nanocapsules
A nanocapsule is a minuscule shell made of a biocompatible 
polymer material at the nanoscale. Vesicular systems 
consist of a polymeric membrane that surrounds a small 
liquid core at the nanoscale. Nanocapsules have various 
applications, such as potential medical uses for drug 
delivery, fortifying food, delivering nutrients, and creating 
self-healing materials. The benefits of using encapsulation 
methods to protect these materials in harsh conditions, 
incorporation of controlled release mechanisms, and 
precise targeting strategies is an essential aspect in various 
fields of research and application.104 The utilization of 
therapeutic products based on nanoparticles has risen 
in recent times. Nanomaterials possess unique physical 
and chemical characteristics, such as their small size, 
high surface-to-mass ratio, and strong reactivity, which 
distinguish them from bulk materials. Nishiura et al have 
developed a novel nanoparticle to enhance the effectiveness 
of ALA and promote its application in pharmaceuticals, 
supplements, and cosmetics. They have also developed a 
new nanocapsule that contains ALA through a process 
of self-assembly. The physicochemical characteristics 
of nanocapsules and the impact of nanoencapsulation 
contribute to the stability of ALA.105 The degradation 
of ALA is undesirable because it does not only lead to a 
loss of its content but also results in the release of sulfur 
compounds that have an unpleasant odor. Additionally, 
direct administration of ALA can irritate the skin and 
mucous membranes due to its acidic nature. These issues 
make it challenging to administer ALA orally or topically. 
Therefore, researchers are seeking assistance from a carrier 
in the form of a nanocapsule. In one of recent studies, the 
nanocapsule had a spherical shape with a size of 10 nm, and 
nano-encapsulation of ALA by freeze-drying improved 
its stability up to 60 °C. As an amphiphilic particle, ALA 
has the ability to form micelles with a nonionic surfactant 
like sucrose laurate, polyoxymethylene, stearyl ether, 
polyoxymethylene, and hydrogenated castor oil that 
maintain its stable dispersion in an ionic solution. The 
nanocapsule exhibited satisfactory dispersion in water 
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without aggregation and greatly improved the stability 
of ALA in both liquid and solid states. The researchers 
emphasize that this enhanced stability is achieved 
through their encapsulation technology which can lead to 
improved absorptive efficiency and bioavailability.27

PEGylated nanoparticles
Polyethylene glycol (PEG) is a water-soluble polymer that 
is highly compatible with biological systems and has low 
toxicity. It is commonly used for bioconjugation due to its 
non-immunogenic properties. PEG has been approved 
by the Food and Drug Administration (FDA) for drug 
delivery applications and has been successfully used in 
lipid-based nanoparticle formulations in clinical settings. 
Various types of nanoparticles, including liposomes, 
metallic nanoparticles, and synthetic polymers, have been 
modified with PEG. The ALA nanoparticles which are 
PEG-modified have shown improved physicochemical 
properties, biocompatibility, and serum stability. The 
addition of PEG to the surface of nanoparticles can 
result in a "stealth" behavior in vivo, but the extent of 
this behavior depends on factors such as the material 
being encapsulated.106,107 The primary function of PEG 
is to prevent surface-surface interactions that can cause 
particle aggregation, as mentioned by Dos Santos et al.29 
In the mentioned study, by increasing ALA's temperature 
over its melting point, it can self-polymerize into poly-
ALA. Then PEG conjugates onto the poly-ALA backbone 
via esterification reaction and after freeze-drying, the 
PEG-poly-ALA was obtained in the form of a white 
powder. The obtained PEG-poly-ALA could self-assemble 
into nanoparticles in an aqueous environment due to the 
presence of both hydrophilic PEG chains and hydrophobic 
poly-ALA backbone in the polymer structure. These 
nanoparticles were spherical which showed a 3 times 
longer half-life and more accumulation of ALA in the 
blood.

Polycaprolactone nanoparticles
Polycaprolactone (PCL) is a biodegradable and 
bioresorbable polymer. It can stimulate collagen production 
and is classified as an aliphatic polyester and is widely 
recognized in the field of polymers.108 A study investigated 
the development of a biodegradable PCL nanoparticle 
formulation using ALA and gentamicin (GN).31 GN is a 
member of the aminoglycoside class of antibiotics that 
exerts its antimicrobial activity by irreversibly inhibiting 
bacterial protein synthesis, binding with the 30S subunit, 
resulting in bacterial death. It is commonly used to 
treat infections caused by Gram-negative bacteria in the 
urinary tract, soft tissues, and upper respiratory tract. 
However, the use of GN is associated with various adverse 
effects, including neuromuscular problems, and nerve 
and kidney damage.109 GN has the potential to impact 
the cells in the proximal tubules. It is easily filtered by the 
glomeruli and then transported to the proximal tubular 

epithelial cells. This occurs after the initial interaction with 
phospholipids present on the brush border membranes. 
GN disrupts the metabolism of phospholipids in tubular 
cells. Additionally, GN leads to vasoconstriction in the 
kidneys.110, 111 Previous research has indicated that ALA 
can protect against the harmful effects of gentamicin on 
the kidneys. Sandhya and Varalakshmi found that ALA 
can protect the basal and brush border membranes from 
damage caused by gentamicin. However, no previous 
studies have examined the overall kidney function to 
determine the extent of ALA's protective effect against 
gentamicin-induced nephrotoxicity. Additionally, to date, 
there are no reports investigating the combined use of 
ALA and gentamicin. Furthermore, the delayed release 
of GN offers the advantage of reducing the frequency of 
administration and enhancing convenience for patients. 
The objective of this research was to examine the kidney 
protective properties of GN-ALA. ALA was encapsulated 
with GN onto PCL-NPs by the solvent evaporation 
technique, and the size of GN-ALA-PCL NPs was in 
the range of 540.4±40.4 nm, with a zeta potential about 
21.2±2.1 mV. These NP formulations result in spherical 
particles with regular edges and a sustained release 
pattern with no significant change in particle size or zeta 
potential. GN-ALA is also used in the treatment of various 
conditions, including neurological dysfunction and cancer. 
The study affirms the protective impact of ALA on GN-
induced kidney damage. Additionally, the formulation of 
GN-ALA-PCL nanoparticles demonstrated satisfactory 
and high encapsulation efficiency percentages. It also 
exhibited a prolonged release pattern and maintained a 
stable composition.112 This is because the small size of the 
PCL enables it to trap, bind, and stabilize proteins within 
cells, as well as escape from lysosomes after treatment 
is terminated. Consequently, this leads to improved 
effectiveness and availability of the formulated drug.113-115

Films 
In recent years, films as oral, vaginal, and ocular drug 
delivery systems gained a lot of attention.116-118 Due to 
their versatility and the combined potential of using 
permeation enhancers and mucoadhesive polymers, 
films are widely used to formulate biological substances 
using alternative routes.119 In new research, Eudragit films 
loaded with nanoparticles were used as carriers for ALA 
ocular drug delivery.15 Eudragit shows highly adaptable 
mechanical characteristics and excellent conditions for its 
use in drug-controlled release and has favorable behaviors 
in the formulation of various active ingredients.120 The 
application of these polymers in ophthalmic drug delivery 
has great potential due to their non-toxic nature, as well 
as their notable mucoadhesive properties and ability 
to facilitate the controlled release of drugs.121,122 As we 
mentioned before, ALA has different characterizations 
that we can use against eye disorders.87,88 In this study, 
PEGylated Eudragit films loaded with nanoparticles 
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had different sizes ranging from 110 to 745 nm with 
a negative zeta potential value. The in-situ release of 
particles suggests that there is a good interaction between 
the nanometric structures of ALA and Eudragit. Also, it 
was mentioned that higher ALA concentration increased 
the degree of films’ swelling and may act as a plasticizer 
for Eudragit. After ALA was added to films it was found 
to have a plasticizing effect. Higher concentrations of 
ALA component result in increased flexibility of the 
films, accelerating mucoadhesivity, and improved film 
disintegration time, diffusion, and corneal permeability. 
All of the mentioned changes led to an increase in ALA.15

Nanofibers
Drug delivery systems are typically nanostructures that 
can be filled with small or large molecules. They act as 
carriers for specific compounds used in pharmaceutical 
administration. Currently, they are considered highly 
promising areas for advancing biomedical research.123 
These materials can transport a chemotherapy drug to a 
specific location, leading to increased drug concentrations 
that can be released in a controlled manner. 
Electrospinning is a simple technique for producing 
nanofibers with interconnected pores in the nanoscale 
range.124 Electrospinning produces nanofibers that have a 
high surface area to volume ratio and a porous structure 
between fibers, facilitate easy mass transfer, provide 
flexibility in handling, can be customized in shape, and 
exhibit strong mechanical properties. Nanofibers possess 
characteristics that make them suitable for a variety of 
biomedical applications, including therapeutic patches 
or mats125,126 Nonwoven fibers are commonly used in the 
production of fibers with sizes ranging from nanometers 
to microns. Electrospinning technology has become 
a versatile method for creating films that are several 
microns thick and contain nanofibers at the sub-micron 
scale. In this process, polymers such as poly lactic-co-
glycolic acid (PLGA) are used.127 PLGA copolymers 
result from polymerization of lactic acid and glycolic 
acid. PLGA possesses desirable characteristics such as 
appropriate degradability and excellent biocompatibility, 
making it a popular choice for manufacturing products 
that can undergo controlled release and degradation.128 
PLGA is known for its ability to form films and act as a 
carrier for vesicles. It is widely used in the manufacturing 
of environmentally friendly composites, such as synthetic 
channels, controlled-release drug carriers, and scaffolds 
for tissue engineering.129 ALA was incorporated into 
PLGA nanofibers to enhance rapid action in the initial 
stage of peripheral nerve injury (PNI). Conversely, CH 
nanoparticles loaded with atorvastatin were incorporated 
into PLGA nanofibers to achieve a sustained release 
pattern after PNI.130 In this study, composite nanofibers 
were fabricated by embedding atorvastatin-loaded CH 
nanoparticles into PLGA nanofibers wherein ALA was 
encapsulated. These nanoparticles were prepared by spray 

drying. After conducting the necessary tests to determine 
cytotoxicity, the effectiveness of the composite nanofiber 
formulations was examined. PNI is a common issue 
that impacts both humans and animals, resulting in the 
impairment of functional and sensory capabilities. PNI 
can cause dysfunction in motor, sensory, and autonomic 
functions in related organs. The clinical outcomes of PNI 
have a significant impact on quality of life and impose a 
financial burden on healthcare systems. PNI can be caused 
by various types of traumas, including accidents or surgical 
procedures. PNI accounts for approximately 2.8% to 5% of 
all traumatic cases.131 The estimates suggest that over half 
a million individuals are impacted by PNI each year.132,133 
The use of electrospun composite nanofibers showed 
potential for promoting the regeneration of the sciatic 
nerve by treating areas of axonal loss and transection. 
The mentioned study demonstrated the efficacy of the 
collective impacts of various neuroprotective medications 
with distinct release profiles on the process of nerve 
regeneration. However, the selection of a particular 
method to investigate the neurofunctional recovery after 
neuronal intervention in rat sciatic nerve injury model 
remains a challenge for researchers and the authors 
indicated that in the longer treatment window of ALA-
nanofibers, there was no considerable difference in the 
results of tissue recovery. So, utilization of any particular 
method to evaluate nerve regeneration is suggested in 
future studies 134

Gold nanoparticles
Gold nanoparticles (GNPs) were first discovered by 
Michael Faraday in the 19th century.135 These particles 
have unique properties, including surface plasmon 
resonance, surface modification, and the ability to bind 
amine and thiol groups. GNPs can be utilized as carriers 
for drugs, contrast agents, and photochemical agents. A 
study by Pan et al demonstrated promising results in the 
treatment of osteoporosis using ALA-GNP. Osteoporosis 
is a common condition that affects older individuals. It is 
estimated to affect 200 million women and men worldwide, 
especially individuals over the age of 60. According to the 
International Osteoporosis Foundation, approximately 
33% of women and 20% of men aged 50 and above will 
encounter fractures associated with osteoporosis during 
their lifespan.136 The development of osteoporosis is 
influenced by oxidative stress, which occurs due to the 
excessive buildup of reactive oxygen species (ROS). 
 ALA, a natural antioxidant found in the body, has the 
ability to relieve the presence of ROS and counteract the 
detrimental effects of oxidative stress, it is imperative 
to implement measures that result in reduction of ROS 
levels. The impact of ALA on osteoblasts is also a topic 
of interest because of its potent antioxidant properties. 
ALA can reduce intracellular oxidative stress and 
promote the growth and differentiation of osteoblasts. 
These nanoparticles have minimal toxicity, can be easily 
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produced, and are compatible with living organisms, 
making them commonly utilized in medical fields such 
as disease detection and cellular imaging. Researchers 
found that there are limited nanoparticles available for 
the treatment of osteoporosis in the field of orthopedics.137 
However, GNPs show promise in the field of intracellular 
oxidative stress and tissue engineering regenerative 
medicine.138 GNPs have a high photothermal conversion 
efficiency due to their localized surface plasmon resonance 
property, making them suitable for phototherapy.139 The 
particle size of GNPs was about 54.6 nm with a PDI of 
0.059. Besides, the morphology of GNPs was spherical 
and hollow leading to higher drug loading capacity and 
sustained-release effect of ALA. The average zeta potential 
for GNPs was about 20.62 mV, and the maximum 
absorption wavelength was 777 nm. This study suggests 
that PEGylated ALA-loaded hollow GNPs could be a 
potential treatment for osteoporosis.22

Perspectives and Future Directions
According to the research conducted on the impact of 
ALA nanoparticles and the subsequent findings, several 
nanoformulations have been investigated. Various 
types of nanoparticles, such as NLCs, SLNs, liposomes, 
lipid nanomicelles, nanoemulsions, nanofibers, some 
polymeric nanoparticles, etc., have been developed. These 
nanoparticles have shown increased effectiveness of ALA 
in the human body. The utilization of these nanoparticles 
has demonstrated the significant impact of ALA on the 
body, leading to improved bioavailability and enhanced 
biological effects. Therefore, it is recommended that 
future articles and studies undertake additional research 
to investigate the potential benefits of other nanoparticles 
that contain ALA. This review shows that ALA is a good 
candidate for safe and efficient ophthalmic drug delivery 
systems to cure numerous eye diseases due to its great 

What is the current knowledge?
√ ALA is an antioxidant with many different therapeutic 
effects in the body that leads to  consideration as a potential 
target to treat various disorders. 
 √ Application of nanomedicine for the delivery of ALA to 
the body may improve its  beneficial effects, but there was no 
study to classify the cons and pros. 

What is new here?
√ Names of the diseases that can be treated by ALA-
nanoparticles with their brief mechanism.  
√ Various targeted drug delivery systems of ALA and 
description of their advantages and  disadvantages over 
others. 
 √ Direction to future clinical studies and ophthalmic drug 
delivery due to the ability of ALA.

Review Highlights ability as an antioxidant. So, we recommend more studies 
on these systems and trying other nanoparticles and 
their method of synthesis to reach the best performance. 
This research aims to validate the positive effects of ALA 
nanoparticles and emphasizes the need for further clinical 
and laboratory investigations in the human body due to 
the absence of clinical studies. The conducted research 
demonstrates potential benefits for future studies that aim 
to address the existing gaps and enhance the performance 
of ALA nanoparticles. This will facilitate the observation 
of the optimal performance of the nanoparticles in future 
investigations.

Concluding remarks
Although ALA possesses numerous advantageous 
characteristics, there exist certain limitations pertaining 
to its absorption, bio-distribution, and dissolution. 
However, these issues can potentially be addressed 
through the utilization of various drug delivery 
systems. This comprehensive review evaluated these 
methods and classified their respective advantages and 
disadvantages. These systems improved the controlled/
sustained release of ALA and gained better therapeutic 
efficiency. The encapsulation of ALA into different forms 
of polymeric nanoparticles like PEG, nanocapsule, and 
polycaprolactone led to a stable release pattern and 
enhanced its absorptive efficiency. ALA-loaded lipid-
based nanocarriers (SLNs, niosomes, liposomes, NLCs, 
and micelles) can be used for better topical and systematic 
use of ALA against different sets of disorders like CNS and 
skin. Besides, the application of ALA in nano-emulsions 
has improved properties such as the enhanced ability 
to penetrate and bioavailability which can be used for 
acute hearing loss and ocular disorders. ALA nanofilms 
enhanced the adhesive properties of mucosal surfaces 
and reduced film disintegration time and permeability 
across the cornea. The utilization of ALA nanofibers has 
been found to significantly expedite the initial phase of 
PNI due to their enhanced rapid action. ALA-GNP has 
been found to enhance the proliferation and maturation 
of osteoblasts while exhibiting low levels of toxicity, 
making it a potential therapeutic option for individuals 
with osteoporosis. Based on the existing literature, the 
utilization of nanoformulations has been demonstrated 
to enhance the effectiveness of ALA in the human 
body, leading to improved bioavailability and biological 
effects. Consequently, it is recommended and imperative 
that further preclinical and clinical investigations be 
undertaken to validate the beneficial effects of ALA 
nanoparticles.
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