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Abstract

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin disorder marked by immune
dysregulation and impaired barrier function. Conventional therapies often fall short due to limited skin
penetration, systemic side effects, and poor drug stability. Nanotechnology has emerged as a
transformative approach in dermatology, offering targeted, controlled, and biocompatible delivery
systems. Among these, poly (lactic-co-glycolic acid) (PLGA) nanogels have gained attention for their
ability to encapsulate bioactive compounds, enhance skin absorption, and modulate immune responses.
This review explores the application of advanced bioactive PLGA nanogels in AD therapy, detailing their
physicochemical properties, mechanism of action, and therapeutic advantages. These nanogels facilitate
sustained drug release, inhibit key inflammatory pathways such as STAT6 and IL-4 signaling, and
promote skin barrier restoration. Safety profiles, biodegradability, and reduced systemic toxicity are also
discussed, alongside limitations such as production cost and potential immunogenicity. Scope for further
advancements includes the development of multifunctional and stimuli-responsive PLGA nanogels,
microneedle-assisted delivery systems, and personalized formulations tailored to individual patient
profiles. With ongoing research and clinical validation, PLGA nanogels exhibit considerable potential as

next-generation therapeutics for the effective and patient-centric management of atopic dermatitis.
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Introduction

Atopic dermatitis, also called atopic eczema, is a chronic pruritic skin condition affecting approximately

17.8 million persons in the United States. Atopic dermatitis is often associated with other allergic
conditions such as asthma and allergic rhinitis, forming what is commonly referred to as the allergic triad.

Atopic dermatitis (AD) is a chronic disease that causes redness, irritation, itching, and inflammation of
the skin (1). Research indicates that approximately 30% of children diagnosed with atopic dermatitis may
go on to develop asthma as they grow older (2,3). Mutations in the filaggrin gene can compromise the
skin’s barrier function, allowing external antigens to interact with immune cells and trigger inflammation.

Such inflammation leads to itching and scratching, which further damages the epidermis—a cycle

commonly referred to as the itch-scratch loop (2.,4).

A drug delivery system facilitates the precise administration of the active pharmaceutical ingredient
(API), ensuring it reaches the targeted site at a regulated pace to produce the intended therapeutic effect
(5,6). Controlled drug delivery refers to the administration of therapeutic agents at a defined rate, either
locally or throughout the body, over a designated duration. This approach offers several advantages,
including (i) maintaining a stable and effective drug concentration, (ii) enhancing patient adherence to
treatment regimens, (iii) enabling site-specific targeting of the medication, and (iv) extending the duration
of drug activity for sustained therapeutic benefit (7,8). Nanotechnology has significantly advanced the
efficiency of drug delivery systems, marking a major milestone in modern therapeutics. Its integration
into medicine—commonly referred to as nanomedicine—Ileverages materials and devices at the nanoscale
(typically under 100 nanometers) to support diagnostic, therapeutic, and monitoring functions within
biological systems (9). Key medical applications include targeted drug delivery, gene therapy, and
innovative approaches to cancer treatment (10). Poly (lactic-co-glycolic acid) (PLGA), synthesized from
poly (lactic acid) (PLA) and poly (glycolic acid) (PGA), is a widely utilized polymer in drug delivery
applications (11). Its broad acceptance is attributed to its favorable biocompatibility, predictable
biodegradation into safe metabolites—namely lactic and glycolic acid—and its approval by regulatory
bodies such as the FDA for medical use. PLGA's adaptability makes it an excellent candidate for
sustained and controlled drug release. By modifying the ratio of PLA to PGA, its degradation profile can
be tailored to specific therapeutic needs. Additionally, PLGA is capable of encapsulating both water-
soluble and lipid-soluble drugs and supports multiple administration routes, including oral, injectable, and
implantable formats (12,13). Apparent diffusion coefficient measurements reveal that drug mobility
within PLGA-based delivery platforms is governed not only by the physicochemical properties of the
drug and the composition of the PLGA polymer, but also by the geometric attributes—such as size and
shape—of the delivery system itself (14). Consequently, these variables play a critical role in the
formulation and refinement of advanced controlled-release technologies (15). Upon degradation, PLGA

breaks down into its constituent monomers—Iactic acid and glycolic acid—which are biocompatible and
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non-toxicity to developing cells (16). These byproducts are readily processed and cleared from the body

through normal metabolic pathways, making PLGA an ideal material for biomedical applications (12).

Nanotechnology in Dermatology

Nanotechnology-based therapeutic strategies have attracted significant attention for their potential in
treating atopic dermatitis (17). A wide array of nanoscale delivery systems—including nanoparticles,
nanogels, nanoemulsions, nanomixtures, and other engineered nanocarriers—have been explored to
improve drug stability, enhance skin penetration, and reduce systemic side effects (18). These platforms
offer targeted delivery of anti-inflammatory agents, immunomodulators, and barrier-repair compounds,

potentially transforming the management of this chronic inflammatory skin condition (19).

Th2 inflammation markers
skin dehydration, skin
thickness,
itching, scaling

Tu1 markers
increased drug availability
focused drug delivery

Atopic dermatitis has long been characterized as a condition predominantly driven by T helper 2 (Th2)
lymphocyte activity. However, recent advances in immunological research have highlighted the
involvement of additional immune components, including T helper 17 (Th17) and T helper 22 (Th22)
cells. Moreover, effector cells such as eosinophils and mast cells contribute to the inflammatory milieu

through degranulation, further amplifying the disease's immunopathology (19,20).

Nanoparticles and nanocarriers exhibit favorable rheological behavior, possess antimicrobial properties,
and show potential in enhancing skin health. Among these, silver-based nanoparticles (Ag-NPs), silver-
lipid complexes, and poly (lactic acid) nanoparticles (PLA-NPs) have emerged as promising candidates

for the therapeutic management of atopic dermatitis (21).
Properties

Silver-based nanoparticles (Ag-NPs) exhibit potent antibacterial activity due to their ability to interact
extensively with bacterial cells. Their high surface-area-to-volume ratio facilitates adhesion to bacterial

membranes and penetration into the intracellular environment, enhancing antimicrobial efficacy (22,23).
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Silver-lipid complexes—A novel topical formulation combining microsilver and nanolipid carriers (NLC)
has shown promising results in treating mild to moderately severe atopic dermatitis. Available as both an
O/W cream and lotion, the formulation's efficacy may be attributed to the formation of a silver-NLC
complex (sNLC), which potentially enhances antimicrobial activity while improving skin penetration and
barrier function (24). Poly (lactic acid) nanoparticles (PLA-NPs)—Poly (lactic acid) (PLA) nanoparticles
have received considerable attention as biodegradable and biocompatible nanocarriers, supported by a
well-established safety profile for clinical applications (25). Their ability to facilitate sustained and

controlled drug release within the epidermal skin layer for targeted dermatological therapies (26).

PLGA as a Delivery Platform

PLGA polymers can be synthesized with different terminal groups—either ester or carboxylic acid. Those
with ester end groups tend to degrade more slowly in aqueous environments due to their reduced
susceptibility to hydrolysis (27). In commercial settings, PLGA is available in multiple grades, each
characterized by specific properties such as molecular weight, inherent viscosity, and the ratio of lactic
acid to glycolic acid units (28). In biomedical contexts, PLGA is often favored over PLA due to its
comparatively faster degradation profile. The monomer lactic acid, fundamental to both polymers, exists
as two stereoisomers—D- and L-forms—whose relative proportions can be tailored to fine-tune the
physicochemical characteristics of the resulting copolymer (13,29). By varying the lactic acid to glycolic
acid ratio, typically in compositions such as 50:50, 65:35, 75:25, and 85:15, researchers can modulate key
properties including degradation kinetics, mechanical integrity, and drug release behavior (30).
Formulations with a higher glycolic acid fraction (e.g., 50:50) tend to degrade more rapidly due to
increased hydrophilicity. Whereas those enriched in lactic acid exhibit slower degradation rates, enhanced

hydrophobicity, and greater crystallinity (31).

PLGA exhibits excellent biocompatibility, and upon degradation, it yields lactic acid and glycolic acid—
metabolites that are readily processed through the Krebs cycle. This metabolic compatibility, combined
with its tunable degradation profile, makes PLGA a highly suitable candidate for drug delivery platforms,

particularly in nanoparticle-based formulations (32).

Bioactive PLLGA Nanogels for Atopic Dermatitis
Anti-inflammatory Agents

Capsaicin: Sourced from chili peppers, capsaicin modulates neuropeptide signaling and reduces itch
by desensitizing sensory neurons. It is used topically to alleviate discomfort associated with chronic

inflammatory skin conditions (33).
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Glycyrrhizic Acid: A triterpenoid glycoside derived from licorice root, glycyrrhizic acid inhibits pro-
inflammatory mediators and supports epidermal barrier recovery. Its soothing properties make it

suitable for sensitive and reactive skin (34).

Piperine: An alkaloid found in black pepper; piperine suppresses inflammatory cytokines and
enhances the bioavailability of co-administered compounds. It contributes to reduced inflammation

and improved skin resilience (35,36).

Antioxidant Agents

Astaxanthin- A marine carotenoid with exceptional antioxidant potency, astaxanthin protects skin
cells from oxidative damage, improves elasticity, and supports barrier integrity. It is particularly

effective in reducing photoaging and inflammation (37,38).

B-Carotene- A precursor to vitamin A, P-carotene contributes to epithelial repair and antioxidant
defense. It helps maintain skin structure and reduces oxidative stress linked to inflammatory

responses (39).

Quercetin- A plant-derived flavonoid known for its ability to stabilize mast cells and inhibit histamine
release. Quercetin offers dual antioxidant and anti-inflammatory benefits, making it valuable in

managing allergic skin reactions (40,41).

Hydrating and Barrier-Supportive Agents
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Guar Gum- A natural galactomannan extracted from guar beans, guar gum functions as a stabilizer
and moisturizing agent in topical formulations. It enhances skin texture, retains hydration, and

provides a calming effect on irritated skin (36,42).

Pharmacological effects
on atopic dermatitis

Drug release

Skin hydration

Redox status
Percutaneous absorption
Skin deposition

Drug retention

Skin permeation

Inflammation symptoms
Skin irritation

Inflammatory cytokines and
chemokines

Ear and skin thickness
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Mechanism of action:

Poly(lactic-co-glycolic acid) (PLGA) nanogels represent a promising nanocarrier system for the targeted
treatment of atopic dermatitis (AD), owing to their biocompatibility, biodegradability, and tunable drug

release properties (43). Their mechanism of action involves several synergistic pathways:
Enhanced Skin Penetration and Targeted Delivery

PLGA nanogels are engineered at the nanoscale to facilitate penetration through the compromised stratum
corneum typical of AD lesions. Surface modifications with ligands such as hyaluronic acid (HA) or RGD

peptides further enhance adhesion and transdermal delivery. This allows for localized deposition of

therapeutic agents directly into inflamed skin layers (1,44).

Controlled and Sustained Drug Release

The polymeric matrix of PLGA enables encapsulation of anti-inflammatory compounds (e.g., curcumin,
tacrolimus, corticosteroids) and ensures their controlled release over time. This sustained delivery
maintains therapeutic concentrations at the site of inflammation while minimizing systemic exposure and

associated side effects (45).
Immunomodulation and Anti-inflammatory Effects

Upon release, the encapsulated agents inhibit key inflammatory mediators such as interleukin-4 (IL-4),
interleukin-13 (IL-13), and tumor necrosis factor-alpha (TNF-a). This downregulation of Th2-mediated

immune responses leads to reduced erythema, pruritus, and edema (45).
Restoration of Skin Barrier Function

Certain PLGA nanogel formulations promote keratinocyte proliferation and lipid synthesis, contributing
to the repair of the disrupted epidermal barrier. This is critical for long-term disease management and

prevention of flare-ups (1,46).
Nanotechnology in Drug Delivery: Safety, Advantages, and Limitations

Nanotechnology-based drug delivery systems offer significant advantages in overcoming poor drug
solubility and bioavailability (47). Their nanoscale size (10—-1000 nm) provides a high surface area,
enabling versatile administration routes—oral, ocular, intranasal, or subcutaneous—and facilitating
targeted delivery while evading rapid clearance (48). These systems can encapsulate or bind drugs,
protecting them from premature degradation and allowing sustained release at therapeutic sites. Benefits

include reduced dosage requirements, minimized systemic toxicity, and enhanced efficacy (49).
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Despite these advantages, several safety concerns persist. Nanoparticles may agglomerate, exhibit poor
biodegradability, and pose challenges in large-scale production. Their interactions with biomolecules can
lead to systemic distribution and potential accumulation in tissues (50). Toxicity profiles vary depending
on particle composition, size, and morphology. For example, carbon- and metal-based nanoparticles have
demonstrated cytotoxic effects in vitro and in vivo. Therefore, rigorous safety assessments—including 3D
skin models (EpiSkin™, EpiDerm™), 2D cell lines (HaCaT, BALB/c 3T3), and MTT assays—are

essential to determine safe concentrations for topical applications (51).

Regulatory approval of several nanomedicines underscores their clinical potential, but assumptions of
universal safety are unfounded. Components such as cationic lipids, cholic acid derivatives, and targeting
moieties may trigger immune responses (52). However, surface modifications and the use of
biodegradable excipients have shown promise in mitigating adverse effects. Solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs), in particular, have demonstrated favorable safety
profiles and reduced skin irritation at concentrations below 1 mg/mL, making them viable candidates for

dermatological therapies (36).
Conclusion

Advanced bioactive PLGA nanogels represent a promising frontier in the targeted treatment of atopic
dermatitis. Their unique physicochemical properties—biodegradability, biocompatibility, and tunable
drug release—enable precise delivery of therapeutic agents to inflamed skin while minimizing systemic
exposure. By incorporating anti-inflammatory compounds, barrier-repair molecules, and surface ligands,

these nanogels offer a multifaceted approach to managing the complex immunopathology of AD.

Recent innovations, including microneedle-assisted delivery and stimuli-responsive formulations, have
further enhanced their clinical potential. Preclinical studies have demonstrated improved skin penetration,
reduced cytokine expression, and restoration of epidermal integrity. However, the transition from bench to
bedside requires rigorous validation through standardized safety assessments and randomized controlled

trials.

Looking ahead, the integration of personalized medicine and smart nanogel systems may redefine how
chronic inflammatory skin diseases are treated. With continued research and regulatory support, PLGA
nanogels could become a cornerstone of next-generation dermatological therapeutics, offering safer, more

effective, and patient-friendly solutions for atopic dermatitis.

References

1. Park EJ, Yap BL, Wang X, Poh QZ, Tan CH, Koh LF, Common JE, Teo P. Bioactive PLGA polymer
nanoparticle loaded gels for atopic dermatitis treatment. Discover Applied Sciences. 2025 Apr;7(4):1-25

Volume 25 Issue 12 2025 PAGE NO: 325



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

2. Berke R, Singh A, Guralnick M. Atopic dermatitis: an overview. American family physician. 2012 Jul
1;86(1):35-42

3. Spergel JM, Paller AS. Atopic dermatitis and the atopic march. Journal of Allergy and Clinical Immunology.
2003 Dec 1;112(6):S118-27.

4. David Boothe W, Tarbox JA, Tarbox MB. Atopic dermatitis: pathophysiology. Management of atopic
dermatitis: methods and challenges. 2017 Oct 24:21-37.

5. Adepu S, Ramakrishna S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules.
2021 Sep 29;26(19):5905. Doi: 10.3390/molecules26195905. PMID: 34641447; PMCID: PMC8512302

6. Tiwari G, Tiwari R, Sriwastawa B, Bhati L, Pandey S, Pandey P, Bannerjee SK. Drug delivery systems: An

updated review. International journal of pharmaceutical investigation. 2012 Jan;2(1):2.

7. Bhowmik D, Gopinath H, Kumar BP, Duraivel S, Kumar KS. Controlled release drug delivery systems. The
pharma innovation. 2012 Dec 1;1(10)

8. Deepu S, Mathew M, Shamna MS. Controlled drug delivery system. International Journal of Pharmaceutical
and Chemical Sciences. 2014;3(3):636-41.

9. Sahoo SK, Labhasetwar V. Nanotech approaches to drug delivery and imaging. Drug discovery today. 2003 Dec
15;8(24):1112-20.

10. Haleem A, Javaid M, Singh RP, Rab S, Suman R. Applications of nanotechnology in medical field: a brief
review. Global Health Journal. 2023 Jun 1;7(2):70-7

11. Hines DJ, Kaplan DL. Poly (lactic-co-glycolic) acid— controlled-release systems: experimental and modeling

insights. Critical Reviews™ in Therapeutic Drug Carrier Systems. 2013;30(3).

12. Xu Y, Kim CS, Saylor DM, Koo D. Polymer degradation and drug delivery in PLGA-based drug—polymer
applications: A review of experiments and theories. Journal of biomedical materials research part B: applied
biomaterials. 2017 Aug;105(6):1692-716

13. Makadia HK, Siegel SJ. Poly lactic-co-glycolic acid (PLGA) as biodegradable controlled drug delivery carrier.
Polymers. 2011 Aug 26;3(3):1377-97.

14. Ghitman J, Biru EI, Stan R, Iovu H. Review of hybrid PLGA nanoparticles: Future of smart drug delivery and
theranostics medicine. Materials & Design. 2020 Aug 1;193:108805.

15. Klose D, Siepmann F, Elkharraz K, Siepmann J. PLGA-based drug delivery systems: importance of the type of
drug and device geometry. International journal of pharmaceutics. 2008 Apr 16;354(1-2):95-103

16. Pandey A, Jain DS. Poly Lactic-Co-Glycolic Acid (PLGA) copolymer and its pharmaceutical application.
Handbook of polymers for pharmaceutical technologies: processing and applications. 2015 Aug 10;2:151-72.

Volume 25 Issue 12 2025 PAGE NO: 326



Technische Sicherheit

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Volume 25 Issue 12 2025

Paiva-Santos AC, Gama M, Peixoto D, Sousa-Oliveira I, Ferreira-Faria I, Zeinali M, Abbaspour-Ravasjani S,
Mascarenhas-Melo F, Hamishehkar H, Veiga F. Nanocarrier-based dermopharmaceutical formulations for the

topical management of atopic dermatitis. International journal of pharmaceutics. 2022 Apr 25;618:121656.

Liu L, Zhao W, Ma Q, Gao Y, Wang W, Zhang X, Dong Y, Zhang T, Liang Y, Han S, Cao J. Functional nano-
systems for transdermal drug delivery and skin therapy. Nanoscale Advances. 2023;5(6):1527-58.

Damiani G, Eggenhoffner R, Pigatto PD, Bragazzi NL. Nanotechnology meets atopic dermatitis: Current
solutions, challenges and future prospects. Insights and implications from a systematic review of the literature.
Bioactive materials. 2019 Dec 1;4:380-6

Biedermann T, Skabytska Y, Kaesler S, Volz T. Regulation of T cell immunity in atopic dermatitis by microbes:

the yin and yang of cutaneous inflammation. Frontiers in Immunology. 2015 Jul 13;6:353.

Salvioni L, Morelli L, Ochoa E, Labra M, Fiandra L, Palugan L, Prosperi D, Colombo M. The emerging role of

nanotechnology in skincare. Advances in colloid and interface science. 2021 Jul 1;293:102437.

Abbasi E, Milani M, Fekri Aval S, Kouhi M, Akbarzadeh A, Tayefi Nasrabadi H, Nikasa P, Joo SW,
Hanifehpour Y, Nejati-Koshki K, Samiei M. Silver nanoparticles: synthesis methods, bio-applications and
properties. Critical reviews in microbiology. 2016 Mar 3;42(2):173-80.

Abbas R, Luo J, Qi X, Naz A, Khan IA, Liu H, Yu S, Wei J. Silver nanoparticles: Synthesis, structure, properties
and applications. Nanomaterials. 2024 Aug 31;14(17):1425.

Keck CM, Anantaworasakul P, Patel M, Okonogi S, Singh KK, Roessner D, Scherrers R, Schwabe K, Rimpler
C, Miiller RH. A new concept for the treatment of atopic dermatitis: Silver—nanolipid complex (sNLC).
International journal of pharmaceutics. 2014 Feb 28;462(1-2):44-51.

Shekhar N, Mondal A. Synthesis, properties, environmental degradation, processing, and applications of
Polylactic Acid (PLA): An overview. Polymer Bulletin. 2024 Aug;81(13):11421-57.

Boisgard AS, Lamrayah M, Dzikowski M, Salmon D, Kirilov P, Primard C, Pirot F, Fromy B, Verrier B.
Innovative drug vehicle for local treatment of inflammatory skin diseases: Ex vivo and in vivo screening of five
topical formulations containing poly (lactic acid)(PLA) nanoparticles. European Journal of Pharmaceutics and

Biopharmaceutics. 2017 Jul 1;116:51-60.

Yang J, Zeng H, Luo Y, Chen Y, Wang M, Wu C, Hu P. Recent applications of PLGA in drug delivery systems.
Polymers. 2024 Sep 14;16(18):2606.

Kapoor DN, Bhatia A, Kaur R, Sharma R, Kaur G, Dhawan S. PLGA: a unique polymer for drug delivery.
Therapeutic delivery. 2015 Jan 1;6(1):41-58

Chen Z, Zhang X, Fu Y, Jin Y, Weng Y, Bian X, Chen X. Degradation behaviors of polylactic acid, polyglycolic

acid, and their copolymer films in simulated marine environments. Polymers. 2024 Jun 21;16(13):1765.

ISSN NO: 1434-9728/2191-0073

PAGE NO: 327



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

30. Lanao RP, Jonker AM, Wolke JG, Jansen JA, Van Hest JC, Leeuwenburgh SC. Physicochemical properties and
applications of poly (lactic-co-glycolic acid) for use in bone regeneration. Tissue Engineering Part B: Reviews.
2013 Aug 1;19(4):380-90.

31. Visan Al, Negut I. Development and applications of PLGA hydrogels for sustained delivery of therapeutic
agents. Gels. 2024 Jul 26;10(8):497.

32. Martins C, Sousa F, Aratjo F, Sarmento B. Functionalizing PLGA and PLGA derivatives for drug delivery and
tissue regeneration applications. Advanced healthcare materials. 2018 Jan;7(1):1701035

33. Fattori V, Hohmann MS, Rossaneis AC, Pinho-Ribeiro FA, Verri Jr WA. Capsaicin: current understanding of its

mechanisms and therapy of pain and other pre-clinical and clinical uses. Molecules. 2016 Jun 28;21(7):844.

34. Selyutina OY, Polyakov NE. Glycyrrhizic acid as a multifunctional drug carrier—From physicochemical
properties to biomedical applications: A modern insight on the ancient drug. International journal of
pharmaceutics. 2019 Mar 25;559:271-9.

35. Stojanovi¢-Radi¢ Z, Pej¢i¢ M, Dimitrijevi¢ M, Aleksi¢ A, V Anil Kumar N, Salehi B, C Cho W, Sharifi-Rad J.
Piperine-a major principle of black pepper: a review of its bioactivity and studies. Applied Sciences. 2019
Jan;9(20):4270.

36. Marques MP, Varela C, Mendonga L, Cabral C. Nanotechnology-based topical delivery of natural products for
the management of atopic dermatitis. Pharmaceutics. 2023 Jun 14;15(6):1724.

37. Flieger J, Raszewska-Famielec M, Radzikowska-Biichner E, Flieger W. Skin protection by carotenoid pigments.
International Journal of Molecular Sciences. 2024 Jan 24;25(3):1431.

38. Bjerklund G, Gasmi A, Lenchyk L, Shanaida M, Zafar S, Mujawdiya PK, Lysiuk R, Antonyak H, Noor S,
Akram M, Smetanina K. The role of astaxanthin as a nutraceutical in health and age-related conditions.
Molecules. 2022 Oct 23;27(21):7167.

39. Wu S, Chen R, Chen J, Yang N, Li K, Zhang Z, Zhang R. Study of the anti-inflammatory mechanism of f-
carotene based on network pharmacology. Molecules. 2023 Nov 11;28(22):7540

40. Carrillo-Martinez EJ, Flores-Hernandez FY, Salazar-Montes AM, Nario-Chaidez HF, Hernandez-Ortega LD.
Quercetin, a flavonoid with great pharmacological capacity. Molecules. 2024 Feb 25;29(5):1000.

41. Aghababaei F, Hadidi M. Recent advances in potential health benefits of quercetin. Pharmaceuticals. 2023
Jul;16(7):1020.

42. Mudgil D, Barak S, Khatkar BS. Guar gum: processing, properties and food applications—a review. Journal of
food science and technology. 2014 Mar;51(3):409-18.

43. Madawi EA, Al Jayoush AR, Rawas-Qalaji M, Thu HE, Khan S, Sohail M, Mahmood A, Hussain Z. Polymeric
nanoparticles as tunable nanocarriers for targeted delivery of drugs to skin tissues for treatment of topical skin
diseases. Pharmaceutics. 2023 Feb 15;15(2):657.

Volume 25 Issue 12 2025 PAGE NO: 328



Technische Sicherheit ISSN NO: 1434-9728/2191-0073

44. LiY, Tao T, Xiong Y, Guo W, Liang Y. Multifunctional PLGA nanosystems: enabling integrated diagnostic and
therapeutic strategies. Frontiers in Pharmacology. 2025 Sep 18;16:1670397.

45. Chen YL, Chang CC, Lin YC, Chen MC. Double-layered PLGA/HA microneedle systems as a long-acting
formulation of polyphenols for effective and long-term management of atopic dermatitis. Biomaterials science.
2023;11(14):4995-5011.

46. Jadhav LA, Mandlik SK. Nanocarriers in skin cancer treatment: Emerging drug delivery approaches and
innovations. Nano TransMed. 2025 Dec 1;4:100068.

47. Liu Y, Liang Y, Yuhong J, Xin P, Han JL, Du Y, Yu X, Zhu R, Zhang M, Chen W, Ma Y. Advances in
nanotechnology for enhancing the solubility and bioavailability of poorly soluble drugs. Drug design,
development and therapy. 2024 Dec 31:1469-95.

48. Dehchani AJ, Jafari A, Shahi F. Nanogels in biomedical engineering: revolutionizing drug delivery, tissue
engineering, and bioimaging. Polymers for Advanced Technologies. 2024 Oct;35(10):¢6595.

49. Yusuf A, Almotairy AR, Henidi H, Alshehri OY, Aldughaim MS. Nanoparticles as drug delivery systems: a
review of the implication of nanoparticles’ physicochemical properties on responses in biological systems.
Polymers. 2023 Mar 23;15(7):1596.

50. Islam S, Ahmed MM, Islam MA, Hossain N, Chowdhury MA. Advances in Nanoparticles in Targeted Drug
Delivery-A Review. Results in Surfaces and Interfaces. 2025 Apr 19:100529.

51. Muhaimin M, Chaerunisaa AY, Dewi MK, Khatib A, Hazrina A. The Toxicological Profile of Active
Pharmaceutical Ingredients—Containing Nanoparticles: Classification, Mechanistic Pathways, and Health
Implications. Pharmaceuticals. 2025 May 9;18(5):703.

52. Wolfram J, Zhu M, Yang Y, Shen J, Gentile E, Paolino D, Fresta M, Nie G, Chen C, Shen H, Ferrari M. Safety
of nanoparticles in medicine. Current drug targets. 2015 Dec 1;16(14):1671-81.

Volume 25 Issue 12 2025 PAGE NO: 329





