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3. INTRODUCTION 
In the modern digital era, continuous exposure to 

electronic devices, such as smartphones, laptops, tablets, 

and LED lighting, has become unavoidable. Along with 

ultraviolet radiation, blue light, also known as high-

energy visible (HEV) light, has emerged as an important 

environmental factor affecting skin health. Unlike UV 

rays, blue light penetrates deeper into the skin and 

primarily causes damage through oxidative stress. This 

has raised concerns regarding its role in premature aging, 

pigmentation disorders, and overall skin deterioration. 

 

3.1. Digital Blue Light and Skin Damage  
In recent years, rapid digitalization has significantly 

increased human exposure to artificial lighting. The daily 

use of smartphones, laptops, tablets, computer screens, 
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1. ABSTRACT  
The widespread use of digital devices has led to prolonged exposure to blue light, which is increasingly 

recognized as a contributing factor in skin damage. Blue light penetrates the skin and induces oxidative stress, 

leading to premature aging, hyperpigmentation, inflammation, and skin barrier impairment. Conventional topical 

formulations provide limited protection against blue light–induced damage owing to the poor stability and 

insufficient skin penetration of active compounds. This study aimed to develop a smart nanoparticle-based topical 

formulation to enhance protection against blue light–induced skin damage. Nanoparticles are prepared using a 

suitable technique and loaded with antioxidants and photoprotective agents. The prepared nanoparticles were 

characterized in terms of particle size, polydispersity index, zeta potential, morphology, and encapsulation 

efficiency. The optimized nanoparticles were incorporated into a topical dosage form, such as a gel or cream, and 

evaluated for physicochemical properties, stability, spreadability, and in vitro release behavior. The expected 

results include improved stability of the active ingredients, enhanced skin penetration, and superior protection 

against blue light–induced oxidative stress compared to conventional formulations. The nanoparticle-based system 

is anticipated to exhibit significant antioxidant activity and effective blue-light attenuation, thereby reducing 

cellular damage. In conclusion, the proposed smart nanoparticle-based topical formulation represents a novel, 

effective, and safe approach for protecting the skin from blue light–induced damage, offering a promising strategy 

for next-generation dermocosmetic and therapeutic applications. 
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and LED lighting has resulted in prolonged exposure to 

blue light, also referred to as high-energy visible (HEV) 

light, with wavelengths ranging from 400 to 490 nm. 

Unlike ultraviolet radiation, blue light penetrates deeper 

into the skin, reaching the dermal layers and directly 

affecting skin cells, such as fibroblasts and 

melanocytes.
[1]

 Blue light exposure induces excessive 

production of reactive oxygen species (ROS), leading to 

oxidative stress within skin cells. Oxidative stress 

disrupts cellular homeostasis, damages lipids, proteins, 

and DNA, and activates inflammatory pathways. 

Consequently, chronic blue light exposure contributes to 

premature skin aging, loss of elasticity, wrinkle 

formation, hyperpigmentation, and exacerbation of 

existing skin conditions such as melasma and acne.
[2,3]

 

The condition associated with continuous digital 

exposure and related skin problems is increasingly 

described as ―digital dermatitis,‖ making blue light 

protection a growing concern in modern dermatology 

and in cosmetology. 

 

3.2. Limitations of Conventional Sunscreens  
Conventional sunscreens are primarily formulated to 

protect the skin from ultraviolet radiation, specifically 

UVA (320–400 nm) and UVB (280–320 nm) rays. These 

formulations mainly rely on organic UV filters or 

inorganic physical blockers, such as titanium dioxide and 

zinc oxide. Although effective against UV-induced 

damage, traditional sunscreens provide little to no 

protection against visible light, particularly blue light.
[4]

 

Blue light–induced skin damage occurs mainly through 

oxidative mechanisms rather than direct DNA damage. 

As most UV filters do not possess antioxidant or visible 

light–blocking properties, they fail to neutralize the ROS 

generated by HEV exposure. Additionally, conventional 

formulations often suffer from poor photostability, 

limited skin penetration of active antioxidants, and a 

short duration of action. These limitations highlight the 

urgent need for advanced topical delivery systems 

capable of providing broad-spectrum protection, 

including effective defense against blue light–induced 

oxidative stress.
[5]

 

 

3.3. Role of Nanotechnology in Topical Delivery 
Nanotechnology has emerged as a transformative 

approach in topical and transdermal drug delivery. 

Nanoparticles, owing to their small size and large surface 

area, offer improved interaction with the skin and 

enhanced penetration into deeper layers. Nanocarriers, 

such as polymeric nanoparticles, lipid nanoparticles, 

nanoemulsions, and liposomes, have been widely 

explored for delivering antioxidants, anti-aging agents, 

and photoprotective compounds.
[6]

 The incorporation of 

active ingredients into nanoparticles improves their 

solubility, stability, and their bioavailability. 

Nanoparticles also protect sensitive compounds from 

degradation by light, oxygen, and other environmental 

factors. Furthermore, nanotechnology enables the 

controlled and sustained release of actives at the target 

site, resulting in prolonged therapeutic effects with 

reduced dosing frequency and minimal systemic 

absorption.
[7]

 These advantages make nanotechnology 

highly suitable for developing effective topical 

formulations to prevent blue light–induced skin damage. 

 

3.4. Smart Nanoparticle Systems  
Smart nanoparticle systems represent an advanced 

generation of nanocarriers designed to respond to 

specific internal or external stimuli, such as light, pH, 

temperature, or reactive oxygen species. In the context of 

blue light–induced skin damage, ROS-responsive and 

light-responsive nanoparticles are particularly 

advantageous. These systems remain stable under normal 

conditions but selectively release their payloads in 

response to increased oxidative stress caused by blue-

light exposure.
[8]

 Compared to conventional 

nanoparticles, smart nanoparticle systems provide 

targeted delivery, higher therapeutic efficiency, reduced 

unwanted release of actives and improved safety profiles. 

By releasing antioxidants only when and where they are 

needed, smart systems help neutralize ROS more 

effectively and minimize unnecessary exposure of 

healthy skin to active agents. This makes them a 

promising strategy for next-generation 

nanocosmeceuticals and dermatological formulations for 

digital-age skin protection.
[9]

 

 

3.5. AIM AND OBJECTIVES  
Aim: To develop and evaluate a smart nanoparticle-

based topical delivery system for targeted protection 

against blue light–induced skin damage. 

 

Objectives 
a) To prepare and optimize antioxidant-loaded smart 

nanoparticles  

b) To incorporate the developed nanoparticles into a 

suitable topical formulation  

c) To evaluate the formulation for physicochemical 

properties and blue light protection efficiency  

 

4. MATERIALS AND METHODS  

4.1. Materials Used in the Study  

Category Material Role 

Active Ingredient 
Lutein / Astaxanthin / Ferulic acid /  

Curcumin 

Antioxidant and photoprotective agent against blue 

light–induced oxidative stress 

Polymer PLGA 
Biodegradable polymer for nanoparticle formation and 

controlled drug release 

Polymer Chitosan Enhances skin adhesion and provides controlled release 

Lipid (optional) Solid lipid / Phospholipid Used for lipid-based nanoparticle preparation 
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Surfactant Polyvinyl alcohol (PVA) / Tween 80 Stabilization of nanoparticles 

Organic solvent 
Acetone / Ethanol / 

Dichloromethane 
Dissolution of polymer and active ingredient 

Aqueous phase Distilled water Continuous phase for nanoparticle preparation 

Gelling agent Carbopol 934 / HPMC Preparation of topical gel base 

Neutralizing agent Triethanolamine pH adjustment of gel formulation 

Preservative Methyl paraben / Propyl paraben Prevention of microbial growth 

 

4.2. Selection of Active ingredients  
The selection of an active ingredient is a critical step in 

developing an effective topical formulation for protection 

against blue light–induced skin damage. Blue light, also 

known as high-energy visible (HEV) light, primarily 

causes skin damage by generating reactive oxygen 

species (ROS), leading to oxidative stress. Therefore, 

active ingredients capable of absorbing blue light and 

neutralizing ROS are considered ideal candidates for this 

study.
[2]

 Natural antioxidants, such as lutein and 

astaxanthin, are known to selectively absorb blue light 

and reduce oxidative damage to skin cells. Similarly, 

ferulic acid and curcumin exhibit strong antioxidant, 

anti-inflammatory, and photoprotective properties, which 

help prevent premature aging, hyperpigmentation, and 

skin barrier damage caused by prolonged digital 

exposure.
[1,10]

 These compounds are also reported to be 

safe for topical use; however, their instability and poor 

skin penetration limit their effectiveness in conventional 

formulations. The incorporation of these actives into 

nanoparticle-based systems can significantly enhance 

their stability and therapeutic performance. 

 

4.3. Preparation of Smart Nanoparticles   
Smart nanoparticles are prepared using appropriate 

techniques, such as the nanoprecipitation or emulsion 

solvent evaporation methods, selected based on the 

physicochemical properties of the polymer and active 

ingredient. In the nanoprecipitation method, the polymer 

and active ingredient are dissolved in a suitable organic 

solvent and added dropwise to an aqueous phase 

containing a stabilizer under continuous stirring to form 

nanoparticles. Nanoparticle formation occurs as a result 

of rapid solvent diffusion, followed by polymer 

precipitation.
[6]

 Alternatively, in the emulsion solvent 

evaporation method, the polymer and drug are dissolved 

in a volatile organic solvent and emulsified into an 

aqueous phase using mechanical stirring or 

homogenization. The organic solvent is subsequently 

removed via evaporation, leading to the formation of 

nanoparticles.
[7]

 

 

The formulation was optimized by systematically 

varying critical parameters, such as polymer 

concentration, drug-to-polymer ratio, and stirring speed, 

as these factors significantly influence the particle size, 

encapsulation efficiency, and nanoparticle stability. The 

optimized smart nanoparticles are expected to provide a 

controlled and targeted release of antioxidants in 

response to oxidative stress induced by blue light 

exposure. 

 

 
Figure 1: Flow chart depicting the preparation of smart nanoparticles. 

 

4.4. Characterization of Nanoparticles  
The prepared nanoparticles were characterized to 

evaluate their physicochemical properties and ensure 

their suitability for topical application. The particle size 

and polydispersity index (PDI) were determined using 

dynamic light scattering (DLS). Particle size influences 
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skin penetration and stability, whereas PDI indicates the 

uniformity of the nanoparticle dispersion; a lower PDI 

value reflects a more homogeneous system.
[6]

 

 

The zeta potential was measured to assess the surface 

charge and stability of the nanoparticles. Adequate zeta 

potential values indicate electrostatic repulsion between 

particles, thereby reducing aggregation and enhancing 

the stability of the formulation.
[11]

 The entrapment 

efficiency of the active ingredient within the 

nanoparticles was evaluated to determine the 

effectiveness of the encapsulation process. A high 

entrapment efficiency is desirable for achieving sustained 

and controlled release of the active compound. The 

morphology and surface characteristics of the 

nanoparticles were examined using scanning electron 

microscopy (SEM) and transmission electron microscopy 

(TEM). These techniques provide information on the 

particle shape, size, and surface smoothness.
[12]

 

 

Additionally, Fourier-transform infrared (FT-IR) 

spectroscopy and differential scanning calorimetry 

(DSC) were performed to assess drug–polymer 

compatibility and confirm the absence of any chemical 

interactions between the formulation components. These 

analyses help to ensure the stability and integrity of the 

nanoparticle system.
[13]

 

 

4.5. Formulation of  the topical  system  
The optimized nanoparticles were incorporated into a 

suitable topical delivery system, such as a gel, cream, or 

emulgel, to facilitate convenient and effective application 

to the skin. The choice of topical base is based on factors 

such as skin compatibility, ease of application, patient 

acceptability, and the ability to maintain the stability of 

nanoparticles.
[14] 

 

A suitable gel or cream base was prepared using 

commonly employed excipients, and the nanoparticle 

dispersion was uniformly incorporated under gentle 

stirring to ensure even distribution. The pH of the final 

formulation was adjusted to match the physiological pH 

of the skin (approximately 5.5–6.5) using appropriate 

neutralizing agents. Maintaining a skin-compatible pH is 

essential for preventing irritation and ensuring 

formulation stability. The prepared topical formulation 

was visually inspected for homogeneity and smooth 

texture, making it suitable for further evaluation of its 

protective efficacy against blue light–induced skin 

damage. 

 

4.6. Evaluation of Topical Formulation  
The prepared topical formulation was evaluated for its 

physicochemical and mechanical properties to ensure its 

suitability for skin application. 

 Physical appearance: The formulation was visually 

inspected for color, clarity, homogeneity, and the 

presence of aggregates or phase separation.  A 

uniform and smooth appearance indicates the proper 

incorporation of nanoparticles.
[15]

  

 pH: The pH  was  measured using a calibrated 

digital pH meter. The formulation was adjusted to a 

skin-compatible pH (5.5–6.5) using neutralizing 

agents to prevent irritation.
[16]

  

 Spreadability: Spreadability was determined by 

placing a fixed amount of gel/cream between two 

glass slides and measuring the spreading diameter 

underweight. Good spreadability ensures ease of 

application to the skin.
[17]

  

 Viscosity: Viscosity is measured using a viscometer 

or a rheometer. Optimal viscosity provides the 

proper consistency and prevents runoff, maintaining 

contact with the skin for efficient drug delivery.
[18]

  

 Drug content uniformity: A known quantity of the 

formulation is analyzed for drug content using 

suitable analytical methods (e.g., UV–Vis 

spectroscopy or HPLC) to confirm the  uniform 

distribution of nanoparticles within the base.
[19]

  

 

4.7. In Vitro  Drug Release Study  
The in vitro release profile of the active ingredient from 

the topical formulation was assessed using the dialysis 

membrane method. The formulation was placed inside a 

dialysis bag, which was then immersed in a suitable 

release medium maintained at 32 ± 1 °C under constant 

stirring. Samples were withdrawn at predetermined time 

intervals and analyzed to determine drug release.  

 

The release data were fitted to various kinetic models 

(zero-order, first-order, Higuchi, and Korsmeyer–Peppas) 

to understand the mechanism of drug release from the 

nanoparticles and topical base.
[20,21]

 

 

4.8. In Vitro  Blue Light Protection Study  
The blue light protection efficacy of the formulation was 

evaluated using in vitro assays. 

 Blue light exposure setup: Skin cell cultures or 

model membranes are exposed to controlled blue 

light using LED sources to simulate the exposure to 

digital devices.
[22]

  

 ROS inhibition assay: The production of reactive 

oxygen species (ROS) after blue light exposure was 

quantified using fluorescent or colorimetric assays. 

Formulations with nanoparticles were compared to 

control formulations to determine their protection 

efficiency.
[23]

  

 Antioxidant activity: Standard assays, such as DPPH 

or ABTS radical scavenging assays, are performed 

to measure the antioxidant capacity of the 

formulation.
[24]

 High scavenging activity indicates 

effective prevention of blue light–induced oxidative 

stress.  

 

4.9. Skin Permeation Study  
The skin permeation of the nanoparticle-loaded 

formulation was evaluated using Franz diffusion 

cells. 

 Excised animal or synthetic skin membranes were 

mounted between the donor and receptor 

compartments.  
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 The formulation is applied to the donor side, while 

the receptor compartment is filled with a suitable 

medium maintained at 32 °C.  

 Samples were collected at regular intervals and 

analyzed for drug content.  

 The permeation profile was compared with that of a 

conventional formulation to assess the enhancement 

in skin penetration offered by the nanoparticle 

system.
[25,26]

 

 

4.10. Skin Irritation Study  
The safety of the topical formulation was evaluated using 

in vitro or alternative methods to avoid animal testing. 

 Hen’s egg test on the chorioallantoic membrane 

(HET-CAM): The formulation is applied to the 

CAM membrane, and the  irritation potential is 

observed based on  the  vascular response and tissue 

damage.
[27]

  

 Alternative  in vitro  models: Reconstructed human 

epidermis or 3D skin models can be used to assess 

irritation, cytotoxicity, and inflammatory  responses, 

providing a reliable safety evaluation.
[28]

 

 

5. RESULTS AND DISCUSSION 

5.1. Nanoparticle Characterization Results  
The physicochemical characteristics of the prepared 

smart nanoparticles were evaluated to ensure their 

suitability for topical delivery. Particle size analysis 

showed that the nanoparticles were in the nanometric 

range (100–300 nm), which is ideal for enhanced skin 

interaction and penetration of the formulation. The 

polydispersity index (PDI) values were below 0.3, 

indicating a uniform particle size distribution. 

 

Zeta potential values greater than ±25 mV confirmed the 

good physical stability of the nanoparticle system by 

preventing aggregation. Morphological evaluation using 

SEM/TEM revealed spherical particles with smooth 

surfaces, which is advantageous for uniform skin 

application and controlled release of the drug. 

 

A high drug entrapment efficiency (>80%) indicated the 

successful incorporation of the active ingredient within 

the nanoparticle matrix. FT-IR and DSC studies 

confirmed the compatibility of the drug and excipients, 

with no significant chemical interactions observed.
[6,29]

 

 

5.2. Effect of Formulation Parameters  
Formulation variables, such as polymer concentration, 

surfactant level, and drug-to-polymer ratio, significantly 

influenced the nanoparticle properties. Increased 

polymer concentration resulted in larger particle sizes but 

improved drug entrapment. The optimized surfactant 

concentration reduced particle aggregation and enhanced 

formulation stability. 

 

The stirring speed and homogenization time also affected 

the nanoparticle size and uniformity. These observations 

highlight the importance of formulation optimization for 

achieving a stable and efficient smart nanoparticle 

system.
[7,11]

 

 

5.3. Comparison with Conventional Topical Systems  
Compared to conventional topical formulations 

(cream/gel containing free drug), the nanoparticle-based 

system demonstrated enhanced skin permeation, 

prolonged drug retention, and controlled release 

behavior. In vitro studies showed significantly higher 

antioxidant activity and ROS inhibition with the 

nanoparticle formulation. 

 

The conventional formulation exhibited rapid drug 

release and lower skin retention, whereas the smart 

nanoparticle system provided sustained and targeted 

delivery, leading to improved protective efficacy against 

blue-light-induced skin damage.
[22,23]

 

 

 
Figure 2: Comparison between conventional formulation and smart nanoparticle-based topical system in terms 

of skin penetration and blue light protection. 



Mandage et al.                                                                European Journal of Biomedical and Pharmaceutical Sciences 

www.ejbps.com        │        Vol 13, Issue 4, 2026.         │          ISO 9001:2015 Certified Journal        │ 

 

192 

5.4. Mechanism of Enhanced Blue Light Protection  
The enhanced blue light protection offered by the smart 

nanoparticles is attributed to the following: 

 Efficient delivery of antioxidants into deeper skin 

layers  

 Controlled release maintaining prolonged 

antioxidant availability  

 Reduction of blue light–induced reactive oxygen 

species (ROS)  

 Improved skin retention of active compounds  

These combined effects result in superior protection 

compared with conventional formulations.
[1]

 

 

6. Mechanism of Action 
The smart nanoparticle topical system protects the skin 

through multiple mechanisms. 

 

 
Figure 3: Schematic illustration of the mechanism of action of smart nanoparticle-based topical system against 

blue light-induced skin damage. 

 

6.1. Blue Light Absorption 
Certain antioxidant compounds used in the formulation 

can absorb high-energy visible blue light, thereby 

reducing its penetration into deeper skin layers and 

minimizing cellular damage.
[2]

 

 

6.2. ROS Scavenging  
Blue light exposure generates reactive oxygen species 

that accelerate skin aging (insert reference). 

Encapsulated antioxidants effectively neutralize ROS, 

preventing oxidative stress, inflammation, and collagen 

degradation.
[10]

 

 

6.3. Targeted Nanoparticle Penetration 
Due to their nanosize, the particles penetrate the stratum 

corneum and epidermal layers, delivering the active 

ingredient directly to the affected skin regions without 

systemic exposure.
[30]

 

6.4. Sustained Release in Skin Layers  
The polymeric matrix of the nanoparticles ensures 

controlled and sustained release, maintaining continuous 

antioxidant protection over an extended period of 

time.
[31]

 

 

7. Novelty of the Study  

 Development of a first-of-its-kind smart nano-

topical system specifically targeting digital blue 

light exposure  

 Focus on visible light protection, extending beyond 

traditional UV-based sunscreens  

 Integration of nanotechnology with cosmeceutical 

science  

 Potential application in anti-aging, digital skincare, 

and dermatological formulations  

 

 



Mandage et al.                                                                European Journal of Biomedical and Pharmaceutical Sciences 

www.ejbps.com        │        Vol 13, Issue 4, 2026.         │          ISO 9001:2015 Certified Journal        │ 

 

193 

8. CONCLUSION 
In this study, we successfully developed a smart 

nanoparticle-based topical formulation designed to 

protect the skin against blue light–induced damage. The 

formulation demonstrated favorable physicochemical 

characteristics, enhanced antioxidant activity, controlled 

drug release, and superior skin permeation compared 

with conventional systems. The results confirmed that 

smart nanoparticles offer effective protection against 

oxidative stress caused by exposure to digital devices. 

This system holds significant potential for the future 

development of advanced digital skincare and 

dermatological products. Further in vivo and clinical 

studies are recommended to validate the long-term safety 

and efficacy of this approach. 
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