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Abstract

Acne vulgaris is a widespread inflammatory skin disorder that arises from a combination of hormonal activity, microbial pro-
liferation, excessive sebum production, and follicular hyperkeratinization. While traditional treatments such as antibiotics and
retinoids are commonly used, they often face challenges like skin irritation, resistance development, and limited efficacy. Lipid-
based nanovesicles, especially liposomes and related vesicular systems, have gained attention for their potential to enhance
drug penetration, improve targeting of pilosebaceous units, and reduce side effects. This review provides an overview of ache
pathophysiology and treatment options, highlighting the role of lipid-based nanovesicles in acne management. A key focus is
placed on the integration of eco-friendly strategies in lipid-based nanovesicle development, including the use of biodegradable
lipids, renewable materials, green solvents, and sustainable manufacturing processes. These advancements support the creation
of dermatological formulations that are not only effective but also aligned with environmental sustainability goals. The review
discusses the potential of green nanotechnology in reshaping the future of acne treatment.

Rezumat

Acneea vulgara este o afectiune inflamatorie cutanata, larg raspanditd, care apare ca urmare a unei asocieri ntre activitatea
hormonald, proliferarea microbiana, productia excesiva de sebum si hiperkeratinizarea foliculara. Desi tratamentele traditio-
nale, precum antibioticele si retinoizii sunt frecvent utilizate acestea pot provoca iritatie cutanata, pot duce la dezvoltarea re-
zistentei si pot avea eficacitate limitata. Nanoveziculele lipidice, in special lipozomii si sistemele veziculare, au potential de a
imbunatati penetrarea medicamentelor, de a optimiza tintirea unitatilor pilosebacee si de a reduce efectele adverse. Acest studiu
discuta fiziopatologia acneei si optiunile terapeutice, evidentiind rolul nanoveziculelor lipidice in managementul acesteia. Este
subliniata integrarea strategiilor ecologice in dezvoltarea nanoveziculelor lipidice, precum utilizarea lipidelor biodegradabile,
a materialelor regenerabile, a solventilor verzi si a proceselor de fabricatie sustenabile. Aceste progrese sustin crearea unor
formulari dermatologice care nu doar sunt eficiente, ci si aliniate obiectivelor de sustenabilitate ecologica.
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Introduction undermine confidence and self-worth at a critical pe-
riod in life (5).

Topical drugs (benzoyl peroxide and retinoids), top-
ical antibiotics (clindamycin and erythromycin), and
systemic treatments (oral retinoids, oral antibiotics,
and hormone therapy) are commonly used to treat
acne (6). The primary disadvantage of these treat-
ments is that they may cause gastrointestinal distress
(7), bacterial resistance (8), or irritant dermatitis (9).
Although acne is still frequently treated with the
afore-mentioned methods, safer and more efficient
materials are desperately needed. Recent advance-
ments in nanocarrier-based drug delivery systems
have shown significant promise in enhancing the
treatment of acne vulgaris. Lipid-based systems are
among the most commonly used nanocarriers for
acne management (10). They are commonly ex-
plored for their ability to improve drug stability, skin
penetration, and controlled release (11). These inno-
vative nanocarriers offer improved drug bioavaila-
bility and reduced side effects, contributing to the

Acne vulgaris is a multifactorial chronic dermato-
logical inflammatory disorder that arises from a
complex interaction of genetic, hormonal, microbio-
logical, and immunological factors affecting the pi-
losebaceous unit (1). Its pathogenesis involves hy-
perseborrhea driven by androgenic stimulation, fol-
licular hyperkeratinization due to altered keratino-
cyte proliferation, microbial dysbiosis dominated by
Cutibacterium acnes, and a cascade of innate im-
mune responses triggering chronic inflammation (2).
When these factors come together, they can dam-age
the pilosebaceous unit, causing normal follicular ca-
nals to change into microcomedones and then pro-
ceed into inflammatory lesions (3). Moreover, the
impact of diet, particularly high-glycemic foods and
dairy, on insulin-like growth factor-1 (IGF-1) signal-
ling has gained attention in acne pathophysiology
(4).

Since this illness affects about 85% of teenagers
globally, it has serious psychological effects and can
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development of more efficient and safer acne treat-
ment (11).

This article gives a complete overview of the princi-
ples and applications of lipid-based nanovesicles in
addressing acne vulgaris. We delve into the role and
the mechanism of action of lipid-based systems in
acne therapy. We study their targeting processes and
address their potential therapeutic uses in acne man-
agement. Furthermore, the growing emphasis on
sustainability has led to the exploration of eco-
friendly approaches in the development of lipid-
based nanovesicles, such as the use of biodegradable
materials, renewable lipids, and green solvents. This
review discusses these innovations, focusing on their
potential to provide effective, environmentally re-
sponsible treatment options for acne vulgaris.

Causes and factors contributing to chronic acne

Acne vulgaris is the eighth most prevalent skin con-
dition globally, with an estimated prevalence of
9.38% across all age categories, according to the
Global Burden of Disease Study (12). However, its
prevalence is substantially higher among adoles-
cents, affecting more than 85% of teenagers, and it
may persist into adulthood, particularly in women
(13). The distinct lesions can be classified as either
inflammatory or non-inflammatory, resulting in skin
pigmentation or scarring that requires ongoing, in-
tensive treatment (14). Many external and internal
factors contribute to prolonged inflammation and
dysfunction of the skin, leading to persistent or re-
curring acne (Figure 1).

Chronic Acne Factors
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Figure 1.
Diagram representing an overview of key factors contributing to chronic acne formation

Hormonal imbalances

One of the main reasons acne develops is increased
sebum production in the hair follicles. Sebum pro-
duction and release are increased by elevated levels
of androgen hormones, particularly testosterone and
IGF-1 (15). Since there is a direct link between the
severity and frequency of acne lesions and increased
sebum production that clogs pores, leading to acne
formation, hormonal imbalance is an important fac-
tor to take into account in patients with acne vulgaris
(16).

Persistent Cutibacterium acnes colonization
Cutibacterium acnes, formerly known as Propioni-
bacterium acnes, is a gram-positive, lipophilic, com-
mensal, aerotolerant anaerobe that becomes oppor-
tunistically pathogenic and prefers to settle in seba-
ceous follicles due to high sebum production and the
ideal anaerobic environment for bacterial growth
(17). Chronic overgrowth of C. acnes can perpetuate
inflammation and maintain the acne cycle through
the release of the lipase enzyme, which breaks down
sebum triglycerides into glycerol and fatty acids,
leading to comedones and skin irritation (18).
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Inflammatory and immune dysregulation

As a consequence of chronic C. acnes overgrowth,
strong inflammation may release chemotactic factors
that recruit neutrophils, macrophages, and lympho-
cytes. In addition, these conditions cause follicular
damage, rupture, and release of germs, fatty acids,
and lipids into the dermis. These mechanistic pro-
cesses will cause inflammatory lesions (pustules,
nodules, cysts, and papules) (1). Furthermore, it was
found that neutrophils generate reactive oxygen spe-
cies (ROS), which harm the follic-ular epithelium
and fuel inflammation in acne. As a result, the follic-
ular substances are released into the dermis, causing
a range of inflammatory acne lesions (19).

Lifestyle factor

Numerous possible risk factors for acne vulgaris
have been found in previous research, including die-
tary patterns, stress levels, and lifestyle habits like
smoking and inactivity (20). For instance, consum-
ing large amounts of milk or dairy products and fol-
lowing a diet high in glycemic load have been linked
to an in-creased risk of acne due to their impact on
insulin and androgen levels (21). Hyperinsulinemia
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significant-ly increases circulating levels of IGF-1.
IGF-1 is a hormone primarily synthesized in the liver
that pro-motes sebaceous cell proliferation and lipo-
genesis in the sebaceous glands. IGF-1 also in-
creases androgen levels and suppresses the produc-
tion of the IGFBP-1 and IGFBP-3, while sex hor-
mone-binding globulin (SHBG) suppression is pri-
marily mediated by insulin, with IGF-1 also contrib-
uting to this effect. The inhi-bition of the production
of these proteins implies increased availability of an-
drogens and IGF-1, thereby exacerbating acne (22,
23). Moreover, stress can make acne worse, in part
by triggering cortisol release, which consequently
increases inflammatory reactions (24).
Environmental triggers

Many research (25, 26) and review articles (27, 28)
have documented the skin alterations that occur after
exposure to ambient air pollution, particularly the
development of inflammatory acne (28). Exposure to
high levels of outdoor pollution was found to trigger
an oxidation stress response in human skin, followed
by an increase in oxidized protein levels, a decrease
in ATP levels, and a decrease in relevant antioxi-
dants of the skin, such as vitamin E and squalene
(27). Oxidation will produce inflammatory cyto-
kines and hy-perproliferation of keratinocytes, ulti-
mately causing acne to develop or worsen (25).
Another factor considered to be associated with the
worsening of acne is the use of cosmetics applied di-
rectly to the skin. Generally, regularly used cosmet-
ics are associated with the aggravation of acne (29).
From the above, acne vulgaris is a complex skin con-
dition that arises from the dysfunction of the pilose-
baceous unit, which includes the hair follicle and se-
baceous gland. Multiple factors, such as increased
sebum production, abnormal shedding of skin cells
within the follicle, overgrowth of C. acnes, and
subse-quent inflammation influence its develop-
ment. Hormonal changes, genetics, and environmen-
tal influences often exacerbate these processes. C.
acnes plays a pivotal role by triggering immune re-
sponses and releas-ing inflammatory mediators. A
thorough understanding of these mechanisms pro-
vides a foundation for developing advanced, targeted
treatments, including nanocarrier-based therapies, to
address the specific drivers of acne.

Treatment strategies for acne vulgaris

The management of acne vulgaris involves a multi-
faceted approach targeting key pathophysiological
mechanisms, including excessive sebum production,
follicular hyperkeratinization, microbial coloniza-
tion, and inflammation (30). Treatment selection de-
pends on acne severity, lesion type, and individual
patient factors. Topical therapies, such as retinoids,
benzoyl peroxide, and antibiotics, are commonly
used for mild to moderate cases, whereas systemic
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agents, including oral antibiotics, hormonal therapy,
and isotretinoin, are reserved for more severe or re-
sistant forms (31). Additionally, adjunctive therapies
like chemical peels, laser treatments, and microbi-
ome-targeted interventions are gaining interest for
their po-tential to enhance treatment outcomes (30).
A personalized approach that considers efficacy,
safety, and patient adherence is essential for optimiz-
ing acne management and minimizing the risk of re-
currence (32). Table I outlines the available treat-
ment options for acne management based on acne se-
verity, skin type, and individual response.

While conventional therapies for acne vulgaris have
shown efficacy, challenges such as antibiotic re-
sistance, systemic side effects, poor skin penetration,
dryness, irritation, and patient adherence remain sig-
nificant concerns.

Nanocarrier-based drug delivery systems have
emerged as a promising strategy to enhance treat-
ment outcomes by improving drug solubility, stabil-
ity, and targeted delivery to sebaceous glands.

Role of lipid-based nanovesicles in acne therapy

Nanocarriers represent a promising innovation in the
management of acne vulgaris, offering solutions to
the challenges faced by conventional treatments.
These advanced drug delivery systems are designed
to enhance the stability, penetration, and targeted de-
livery of therapeutic agents. By targeting the seba-
ceous glands and hair follicles, the main sites in-
volved in acne development, nanocarriers enhance
treatment efficacy while minimizing systemic side
effects.

Lipid-based nanovesicles, a class of nanocarriers,
have gained attention for their ability to enhance the
efficacy of topical treatment (45). These carriers,
such as liposomes, niosomes, proniosomes, glyc-
erosomes, and ethosomes, consist of lipid bilayers
that closely resemble the natural lipids of the
skin(46). This structural similarity allows them to
encapsulate both hydrophilic and hydrophobic
drugs, improving their stability and enhancing skin
penetration (47). By interacting with the lipid matrix
of the stratum corneum (SC), nanovesicles facilitate
the therapeutic agents into deeper skin layers, in-
cluding sebaceous glands and hair follicles (48).
Moreover, the flexibility of liposomes, niosomes, and
other elastic and deformable vesicles is evidenced by
their stability when incorporated into conventional
formulations. The preparation of liposomal or trans-
fersomal gels or creams for acne treatment combines
the drug delivery capabilities of nanosystems with
the technological attributes of traditional formula-
tions, including spreadability, viscosity, and simplic-
ity of application, thereby enhancing patient compli-
ance (49).
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Table |
Treatment options for acne management
Treatment
category | Drugs/Approach Mechanism of action Indication Considerations References
Normalize keratinization, Initial irritation, erythema
Topical ret-| Tretinoin, adapalene, | reduce inflammation, and | Mild to moderate L » ETyIhema,
. . exfoliation, peeling, pain,
inoids  [tazarotene, trifarotene| prevent comedone for- acne L (31, 33)
. and sun sensitivity
mation
. Clindamycin, eryth- | Reduce C. acnes coloni- . RISl.( of antibiotic resistance,
Topical an- - . - . Mild to moderate | which may be prevented by
N romycin, minocy- | zation and reduce lesion L . (34, 35)
tibiotics ; . - acne combination with benzoyl
cline, dapsone inflammation .
peroxide
Antimicrobial agent that
Topical 2 5-10% formula- releases free oxygen radi- Mild to moderate Dryness, |rr|tat|(_)n, pain,
benzoyl . cals and is mildly come- peeling, and burning sensa- | (36, 37)
. tions . acne .
peroxide dolytic, and prevents re- tion
sistance
. Comedolytic, antibacte- . He.lpful fqr patients W'th.
Topical - : S Mild to moderate |sensitive skin or darker skin
.. 110-20% formulations| rial, and anti-inflamma- -~ : (38)
azelaic acid acne types due to its lightening
tory agent - .
effect on dyspigmentation
Reduce inflammatory le-
1_'op|_cal sfal- 0.5-2% formulations | SO reducg open come- Mild to moderate | Observed dr_yness with ex- (31)
icylic acid dones, showing no differ- acne cessive use
ence in closed comedones
Oral antibi-| Doxycycline, mino- | Anti-inflammatory and | Moderate to se- I—_|yperp|gmente_1t|on, lupus-
. : . like drug eruption, and hy- (39)
otics cycline, sarecycline reduces C. acnes vere acne i
persensitivity syndromes
Oral hor- | Combined oral con- | Reduce 5a-reductase ac- | Hormonal acne, | Not suitable for smokers or
monal | traceptives (estrogen | tivity and block the an- |moderate to severe| those at risk of thromboem- (40)
Therapy + progestin) drogen receptor acne bolism
Ha_ls antiandrogenic prop- It is mainly prescribed for
. erties, reduces sebum pro- . .
Oral anti- - - .~ | Hormonal and re- | women because of its femi-
Spironolactone  |duction, and hyperkeratin- - T . (32)
androgen B sistant acne nizing side effects if used by
ization in acne-prone fol-
- men
licles
Reduces secretion of se-
Oral - baceous gland_s, nhibits Severe nodular | Require strict monitoring,
. L Isotretinoin comedogenesis by nor- . (41)
isotretinoin - . acne teratogenic
malizing keratinocyte ke-
ratinization
Physical Laser & light therapy Target C. acnes Moderate to se- | Expensive, no side effects (42)
treatments vere acne recorded
Probiotics. microbi- Restore the imbalance of |  Antibiotic-re-
P skin microbiota caused by | sistant and recur- Needs further research (43)
. ome modulation
Emerging C. acnes rent acne
therapies Compete with dihydrotes-
Topical clascoterone |tosterone for androgen re-| Hormonal acne Promising alternative (44)
ceptors

However, we can say that there are few studies spe-
cifically focusing on nanovesicles loaded with anti-
acne drugs for the treatment of acne vulgaris. While
research on nanovesicles, such as liposomes,
ethosomes, glycerosomes, and niosomes, is grow-
ing, their application in acne therapy remains rela-
tively underexplored compared to other drug deliv-
ery systems.

This section will explore various studies that demon-
strate the potential of lipid-based nanovesicles in the
management of acne.
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Liposomes

Liposomes are spherical vesicles distinguished by
the amphiphilic lipid molecules that form their bi-
layer structure. The structure of the amphiphilic lipid
consists of a hydrophilic head and a hydrophobic
tail. This enables liposomes to self-assemble in wa-
ter, exposing their hydrophilic head groups while
shielding the hydrophobic tails within the bilayer.
Drugs with varying degrees of hydrophaobicity can
be loaded into liposomes due to the formation of this
bilayer structure (50). Some research has examined
the use of lipo-somes as carriers for anti-acne drugs.
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Eroglu et al. developed a topical carbopol-based gel
incorporating liposomes loaded with tetracycline
HCI and tretinoin to target acne vulgaris (51). The
liposomes prepared using the thin film hydration
method showed high encapsulation efficiencies ex-
ceeding 80% for both active ingredients. The study
primarily evaluated the effects of this combination
therapy using in vitro studies. Cytotoxicity tests
were conducted on the L929 mouse fibroblast cell
line to ensure the safety of the formulation. Addi-
tionally, the antibacterial activity of the tested lipo-
somal formulation was assessed against Staphylo-
coccus epidermidis and Staphylococcus aureus, two
bacteria commonly associated with acne-related in-
fections. The authors succeeded in introducing a
novel product that combines two active components
with bacteriostatic and comedolytic properties into a
single, stable, and safe liposome formulation.
Another study focused on improving acne treatment
was conducted by Asma et al. Authors developed a
liposome-based gel containing adapalene, a third-
generation retinoid with proven effectiveness against
acne vulgaris (52). Liposomes were created using a
spontaneous phase transition method, exhibiting
adapalene encapsulation efficiency of 89.69%. In
vitro release studies showed sustained drug release
of 79% over 24 hours, while ex vivo permeation tests
indicated effective skin retention, with 28.27%
adapalene remaining in the epidermis. The in vivo
study conducted on a testosterone-induced acne model
in mice revealed a significant reduction in acne le-
sions. Although the testosterone-induced mouse
model provides valuable preclinical insights, its
translational relevance to human acne is limited be-
cause rodents do not fully recapitulate the piloseba-
ceous biology and pathophysiology of human acne.
Niosomes

The success of liposomes as nanocarriers is largely
attributed to phospholipids, which are constituents of
cell membranes, thereby forming a biocompatible
system. On the other hand, disadvantages related to
their production cost and stability under certain con-
ditions led to the development of niosomes by re-
placing phospholipids with non-ionic surfactants
(53). Because of their greater chemical stability, sim-
plicity of manufacture, lower cost, and wide range of
surfactant options, they are favored over conven-
tional lipo-somes. Lipophilic moieties are captured
by partitioning into the lipophilic part of the bilayers,
while hy-drophilic drugs can be encapsulated in the
aqueous core (54).

A study by Ghasemiyeh et al. emphasized the com-
bined effect of tretinoin and bicalutamide in treating
acne vulgaris due to their complementary actions
(55). The authors developed niosomes co-loaded
with these drugs to enhance follicular targeting. The
niosomal encapsulation efficiencies for tretinoin and
bicalutamide, measured indirectly by the
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centrifugation ultrafiltration technique, were 99%
and 94.63%, respectively. The in vivo assessments
using rhodamine B-loaded niosomes demonstrated
significant accumulation within hair follicles, sug-
gesting effective targeting. Authors explained the ra-
tionale for using this combined treatment, which re-
turned to the enhancement of tretinoin-mediated skin
turnover, preventing the formation of comedones
and improving skin texture. Bicalutamide, as an anti-
androgen, reduces sebum production by blocking an-
drogen activity.

Photodynamic therapy (PDT), a relatively modern
method for treating acne, gained attention in the late
20" century (56). It is a newly developed treatment
approach for acne that uses a photosensitizing agent
activated by a specific light source to generate reac-
tive oxygen species (ROS). These ROS target and
de-stroy C. acnes, reduce inflammation, and may re-
duce sebaceous gland activity (57). EI-Mahdy et al.
developed a niosomal hydrogel formulation of meth-
ylene blue specifically designed for photodynamic
therapy using the reversed-phase evaporation
method (58). The clinical evaluation conducted by
the authors demonstrated that the niosomal formula-
tion significantly reduced inflammation in acne pa-
tients compared to intense pulsed light treatment,
highlighting its potential as an effective PDT ap-
proach for acne management.

Proniosomes

Proniosomes are vesicular particle drug delivery ve-
hicles that readily transform into niosomes upon hy-
dration (59). Proniosomes are superior to niosomes
in a number of ways, including reducing physical
sta-bility issues (aggregation, fusion, and leakage)
and offering greater convenience in dosage, storage,
and transportation (60). Due to their superior percu-
taneous absorption and simplicity of application,
pronio-somal gels are gaining popularity in the field
of semisolid dosage forms. They are regarded as gel
prepara-tions because they can regulate drug release,
conform to the shape of the treated area, and with-
stand the physiological stress caused by skin flexion
and mucociliary movement (61). Vesicle systems
were able to promote skin penetration of drug
through several mechanisms, including (a) the free
drug mechanism, (b) the penetration-enhancing pro-
cess of the vesicle components, (c) vesicle adsorp-
tion to and/or fusion with the SC, and (d) the pro-
posed penetration of intact vesicle into and through
the intact skin, although this mechanism remains
controversial (62).

Rahman et al. developed a proniosomal formulation
loaded with tretinoin as a useful approach to address
drawbacks such as redness, peeling, swelling, and
blistering associated with the use of tretinoin for the
treatment of acne (62). The developed formulation
exhibited high entrapment efficiency and a high per-
centage of medication released after five hours. The
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clinical research conducted on 12 human volunteers
with acne vulgaris lesions on the face showed supe-
riority of the tested proniosomal formulation over
the market product during the study period with re-
spect to improvement of individual lesions. An im-
provement in the patients’ lesions was reported when
treated with a tretinoin-loaded proniosomes formula.
Authors explain that these findings could be at-
tributed to the small vesicle size and enhanced pen-
etration of the tretinoin across the SC and targeting
the dermis as well as the epidermis and deep dermis,
thereby enhancing trans-follicular drug absorption.
Ethosomes

Ethosomes are soft phospholipid nanovesicles used
for dermal and transdermal drug delivery. They con-
tain a high ethanol concentration, which increases
skin permeation by acting as a penetration enhancer.
It penetrates intercellular lipids, increases lipid flu-
idity, and decreases the density of the lipid multi-
layer of the cell membrane, thereby increasing skin
permeability. For this reason, they readily permeate
the deep skin layers and combine with skin lipids,
resulting in drug release within them (63). These
properties char-acterizing ethosomes make them a
good candidate and a promising alternative to con-
ventional acne treatment.

To avoid the negative effects of traditional retinoids
and enhance drug penetration and localization in
deep skin layers, Salem et al. conducted a study to
develop an ethosomal gel of retinyl palmitate (RP)
(64). In comparison with tretinoin cream, a clinical
assessment of the effectiveness and tolerance of
treatment in volunteers with mild to moderate facial
acne vulgaris was conducted over 6 weeks. Results
demonstrated that the RP ethosomal hydrogel had
equivalent efficacy to conventional tretinoin formu-
lations, with a significant improvement over the
commercial tretinoin formulation in reducing non-
inflammatory acne lesions. Furthermore, it was
found to have superior tolerability, with few or no
local treatment-related skin responses, such as ery-
thema, peeling, burning, and itching, in treated vol-
unteers compared with the traditional cream.

A study on spironolactone-loaded ethosomes ex-
plored their potential for topical acne treatment by
enhancing drug penetration and retention in the skin,
conducted by Verma et al. (65). The formulated
ethosomes exhibited a small vesicle size, ensuring
better permeability, with a high drug encapsulation
efficiency. When incorporated into carbomer 974
gel, it demonstrated a 2.5-fold increase in transder-
mal flux and a 2.1-fold enhancement in skin deposi-
tion compared to conventional hydroethanolic gels.
Although an increase in transdermal flux was ob-
served, the enhanced skin deposition is more rele-
vant to topical acne treatment, where localized drug
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delivery, rather than systemic permeation, is the pri-
mary therapeutic objective. Additionally, the ethoso-
mal formulation showed superior anti-acne effects
with minimal skin irritation, suggesting its potential
as an effective alternative for localized spironolac-
tone delivery in acne management.

Glycerosomes

Glycerosomes are a newer generation of vesicular
structures. They contain significant quantities of
glyc-erol, phospholipids, and cholesterol. Glycerol
is a rapidly absorbed, safe excipient used in pharma-
ceutical technology (66). Furthermore, glycerol has
anti-inflammatory and anti-irritant properties in a
dose-dependent manner (67). In cutaneous medica-
tion administration, using glycerol can increase drug
penetra-tion by hydrating biological membranes (68,
69). Together, these three components form a lipid
bilayer structure similar to that of biomembranes.
Such similarities are used to ensure safe topical and
transdermal administration of natural and synthetic
compounds (70-74). Glycerosomes have well-docu-
mented deform-ability and flexibility, which are
mostly due to the high concentration of glycerol.
Glycerol significantly influences the fluidity of their
bilayers, resulting in improved vesicular characteris-
tics and enhanced lo-calized drug absorption by
squeezing into skin layers (70). All these properties
make glycerosomes highly effective for delivering
anti-acne agents. Compared to conventional thera-
pies, glycerosomes offer en-hanced drug retention
and controlled release, making them a promising ap-
proach for improving the thera-peutic efficacy of
topical acne treatments (48). Few studies have ex-
plored the potential of glycerosomes in acne treat-
ment, evaluating their ability to en-hance drug deliv-
ery, improve skin penetration, and yield better ther-
apeutic outcomes than traditional for-mulations.
AbouSamra et al. introduced an innovative approach
to acne treatment by developing glycerosomes co-
loaded with lincomycin and lauric acid, thereby en-
hancing both antibacterial efficacy and skin penetra-
tion (47). The optimized vesicular system showed
remarkable encapsulation efficiencies of 90% and
97% for lincomycin and lauric acid, respectively.
Notably, the skin deposition study confirmed a two-
fold increase in lincomycin delivery compared to lin-
comycin gel, indicating superior drug retention and
penetration. The results for the in vivo-performed ex-
periment on the acne mouse model demonstrated
significant reductions in inflammation and bacterial
load, underscoring the formulation’s potential as an
effective topical therapy for acne vulagaris. In addi-
tion to the previously discussed lipid nanovesicles,
other formulations used for acne treatment are listed
in Table II.
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Table 11
Other loaded nanovesicles for acne management
Nanofor- Loaded drugs Advantages Limitations References
mulations
Superior skin permeation com- . .
Clindamycin & | pared with the marketed formula- Chemically unstable d_ue t_o their
Trans- - S tendency to undergo oxidative deg-
benzoyl perox- tion and no skin irritation in - - - (75)
ferosomes : Lo ) radation, they require special stor-
ide mice, indicating its efficacy and -
age conditions.
safety.
Enhancement of skin penetration, Complex preparation, stability is-
Cubosomes Azelaic acid retention, sustained release, and plex prep - (76)
. - sues, and higher production costs.
bioadhesiveness
Bergamot Es- Increa}se s_,k_m absorption and bio- Quick removal of phytoconstitu-
Phyto- A availability, have remarkably
sential Oil & . ; ents from the Phytosome, and pH- 77)
somes Spironolactone high drug encapsulation, and re- sensitivity
P veal a better stability profile
They can be sensitive to prepara-
More flexibility, absorption, and tion condltlo.n.s and difficult t_o
. . scale up. Additionally, the choice
Bilosomes Dapsone permeation due to the presence of - - (78)
- of phospholipids and bile salts can
bile salts. ) -
affect bilosome properties, such as
size and stability.
The crystal core increases parti- A potential challlenge of aquasome-
-~ based drug delivery could be tox-
cle stability, and the carbohydrate | .. .
. : . icity due to burst release of drugs if
Aquasomes Cephalothin layer provides an appropriate sur- (79)
. poorly absorbed on the carbohy-
face for the active substance to
drate coat, and they could be ex-
be adsorbed. .
pensive to formulate.

Mechanism of action of lipid-based nanovesicles
in acne management

Antibacterial and anti-inflammatory medications are
used in conventional acne treatment. As recorded,
unwanted toxicities are linked to the systemic usage
of these medications. Therefore, topical use of anti-
acne medications is preferred. However, the drug's
limited water solubility and limited penetration
across the skin make topical distribution difficult.
Lipid-based nanovesicles emerged as promising de-
livery systems for acne treatment. Their small parti-
cle size, high surface area, and unique physicochem-
ical properties improve drug solubility, stability, and
therapeutic efficacy.

Along with liposomes' special benefits, there are
drawbacks to employing them to transport medica-
tions to the skin. These primarily relate to issues with
fluidity, stability, penetration, and entrapment effi-
cacy. Liposomes accumulate on the outermost layer
of skin because they cannot pass through the SC.
Rigid conventional liposomes function as a depot
formulation on the skin's surface because they can-
not pass through the layers of the skin (80). The lip-
osomes may directly interact with the skin and ex-
change the drug, or they may release the free drug,
which can penetrate through the skin. As a result,
modifications were made to their structure and com-
position to enhance their skin penetration, resulting
in the creation of elastic novel lipid-based

881

nanovesicles that are now often employed in drug
delivery (46).

Advanced liposomes such as transferosomes, proni-
osomes, cubosomes, glycerosomes, and other flexi-
ble nanovesicles can induce structural changes in the
SC, thereby facilitating drug absorption (81). They
are extremely malleable, biocompatible, and biode-
gradable nanovesicles that can readily penetrate sub-
cuta-neous tissue. When applied to intact skin, they
can penetrate deeply and cross the intercellular
spaces between epidermal cells. They move through
the intercellular gap of the SC by undergoing self-
deformation.

Regarding the other types of nanovesicles that con-
tain a high percentage of ethanol, such as ethosomes
and transethosomes, they easily navigate through
small intercellular channels (82). Because of their
elastic nature and the presence of ethanol and edge
activators, these vesicles are characterized by high
penetra-tion efficacy and flexibility, allowing them
to squeeze through narrow intercellular spaces (83).
Ethanol makes the SC intercellular lipids more fluid,
reducing lipid layer thickness and increasing the
flexibility of the vesicular structure. Ethanol thereby
facilitates the drug's deeper penetration of the epi-
dermis (84). They can also shield the drug from rapid
clearance, thereby increasing circulation and bioa-
vailability (85).
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Challenges and unmet needs in using lipid-based
nanovesicles for acne treatment

The use of nanocarriers in acne treatment presents
several challenges and unmet needs that must be ad-
dressed to enhance their clinical applicability. One
of the primary concerns is the stability of lipid-based
formulations, as issues such as aggregation, drug
leakage, and degradation can compromise their ef-
fective-ness. The stability of nanocarriers varies de-
pending on their type and composition. Lipid-based
systems, such as liposomes, often face stability chal-
lenges due to aggregation, fusion, or drug leakage
(86). Fur-thermore, the high cost of production and
stringent regulatory requirements make commercial-
ization diffi-cult, necessitating extensive safety and
efficacy evaluations (50). Variability in skin physi-
ology among individuals can also influence the ef-
fectiveness of nanocarrier penetration and drug re-
lease, leading to inconsistent therapeutic outcomes.
Moreover, while many lipid components are bio-
compatible, their inter-action with inflamed or sen-
sitive acne-prone skin requires careful evaluation to
prevent irritation or aller-gic reactions. Regulatory
uncertainties surrounding nanomedicine further
complicate the pathway to clini-cal translation.
These challenges underscore the need for continued
research to optimize formulation sta-bility, enhance
scalability, and ensure safety, particularly when in-
tegrating environmentally sustainable practices into
nanocarrier design.

Eco-friendly aspects of lipid-based nanocarriers

In recent years, the development of advanced drug
delivery systems has increasingly prioritized not
only therapeutic performance but also environmen-
tal responsibility. Among these systems, lipid-based
nanocarriers have gained attention for their ability to
enhance drug solubility, stability, and targeted deliv-
ery, particularly in dermatological applications such
as acne treatment. As research expands in this area,
there is growing interest in aligning nanocarrier for-
mulation practices with sustainable, eco-conscious
principles. Traditional preparation methods often in-
volve hazardous solvents, synthetic excipients, and
energy-intensive processes, which may contribute to
environmental burdens. Consequently, incorporat-
ing eco-friendly strategies, such as using biode-
gradable lipids, renewable resources, and green syn-
thesis techniques, has become a crucial focus (87).
This section explores how lipid-based nanovesicles
can be developed and optimized through sustainable
approaches, highlighting their potential to provide
effective acne treatment while reducing ecological
impact.

Use of biodegradable and renewable lipid sources
The choice of lipid type plays a crucial role in deter-
mining the biocompatibility and environmental
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footprint of lipid-based nanocarriers. For acne treat-
ment, biodegradable and renewable lipid sources,
such as natural phospholipids, are widely favored for
their natural origin and minimal toxicity. These li-
pids not only enhance the safety profile of nanovesi-
cles but also ensure their biodegradability (11),
thereby reducing the risk of skin irritation and envi-
ronmental accumulation. Additionally, naturally
sourced cholesterol or plant sterols are often used to
stabilize vesicle membranes, replacing synthetic or
petroleum-derived alternatives. Recent advances in
nanovesicle design have explored incorporating
plant-derived lipids and sterols to enhance the bio-
compatibility and sustainability of formulations for
acne management. Studies have shown that lipo-
somes prepared using soybean-derived phosphati-
dylcholine and lanolin-derived cholesterol can effec-
tively encapsulate antibacterial agents such as rho-
domyrtone, demonstrating significant activity
against acne-causing bacteria such as Cutibacterium
acnes while maintaining structural stability and skin
compatibility (88). Similarly, lauric acid, a naturally
occurring fatty acid in coconut oil, has been incorpo-
rated into lipid-based vesicles for its potent antimi-
crobial properties and ability to disrupt bacterial
membranes, offering a promising approach to the
treatment of acne vulgaris (89). These studies high-
light the potential of biodegradable, renewable lipid
sources to develop eco-friendly, effective, and skin-
safe nanocarriers tailored for acne therapy, aligning
with the principles of green nanomedicine.

Green solvents and sustainable preparation tech-
niques

The growing importance of environmental sustaina-
bility has prompted a shift toward greener methodol-
ogies in the development of lipid-based nanocarriers.
Traditional preparation techniques often involve or-
ganic solvents such as chloroform or methanol,
which pose environmental and health hazards. In
contrast, green solvents such as ethanol, supercritical
fluids (e.g., supercritical CO:), and natural deep eu-
tectic solvents (NADES) offer eco-friendly alterna-
tives that reduce toxicity and environmental burden.
NADES, a third category of natural liquids, because
of their solubilizing and stabilizing qualities, as well
as their low toxicity and biodegradability, NADES
exhibit potential as drug carriers in dermal formula-
tions (90). Compared to traditional solvents such as
ionic liquids (ILs) and organic solvents, eutec-tic
solvents are considered less hazardous, less expen-
sive, more environmentally safe, more biodegrada-
ble, and less volatile (91). A study conducted by Wu
et al. successfully utilized deep eutectic solvents
combined with paeonol and lauric acid as active
pharmaceutical ingredients, creating a therapeutic
deep eutectic solvent (THEDES) (92). The resulting
liposomes demonstrated enhanced solubility and sta-
bility of paeonol, along with improved bioavailability
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and reduced cytotoxicity. This approach highlights
the potential of eutectic solvents as green, sustaina-
ble alternatives for liposome preparation, offering
benefits for drug delivery applications. Another re-
cent study explored the incorporation of African es-
sential oils (Argania spinosa, Passiflora edulis) en-
capsulated within nanoliposomes, which were then
incorporated into hydrogels to enhance transdermal
drug delivery (93). The inclusion of eutectic sol-
vents, composed of betaine and phytic acid, in the
formulation aimed to stabilize the essential oils and
improve their permeation through the skin. This in-
novative approach combines the therapeutic proper-
ties of African essential oils with the advantage of
eutectic solvents and liposomal delivery systems to
create effective transdermal patches. These patches
offer a natural, well-tolerated approach to acne man-
agement by reducing sebum and promoting healing,
making them ideal candidates for inclusion in sus-
tainable and skin-friendly anti-acne formulations.
Another eutectic system composed of choline chlo-
ride, malonic acid, and PEG 400 was developed for
topical delivery of azelaic acid (AzA) in acne treat-
ment (94). This eutectic solvent-based formulation
exhibited enhanced solubility and increased skin
penetration of AzA, along with synergistic antibac-
terial activity against acne-causing bacteria. The op-
timized formulation showed favorable rheological
properties and stability, indicating its potential as an
effective topical treatment for acne vulgaris.
Additionally, sustainable techniques such as super-
critical fluid (SCF) methods are being developed as
effective alternatives to conventional liposome pro-
duction methods (95, 96). Using SCFs in liposome
for-mulation eliminates the need for water, high op-
erating temperatures, and mechanical stresses that
can de-grade labile substances such as vitamins, en-
zymes, essential oils, and flavors. It also enables the
formula-tion of liposomes as dry powders without
extensive use of organic solvents, which pose health
risks due to their toxicity. By adjusting crucial pa-
rameters (such as temperature and pressure), this
green technology may create micro- and nanosized
liposomes with a restricted size distribution (96).
SCF liposome formula-tion techniques enable high
drug entrapment efficiency by producing uniform
vesicles with controlled size and reduced solvent res-
idues (97).

Use of natural excipients and stabilizers

The incorporation of natural excipients and stabi-
lizers into lipid-based nanocarriers has garnered in-
creas-ing attention for their biocompatibility, bio-
degradability, and reduced toxicity risk. In the con-
text of acne treatment, these naturally derived com-
ponents not only enhance the structural stability of
nanocarriers but also confer therapeutic benefits, in-
cluding anti-inflammatory and antimicrobial activity.
Commonly used natural excipients include phos-
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pholipids from soy or egg lecithin, which form the
backbone of vesicular systems (11). Natural poly-
mers such as chitosan, alginate, and pectin are fre-
quently employed as coating agents or stabilizers to
improve colloidal stability, prolong shelf life, and
modulate drug release (98). Ad-ditionally, plant-de-
rived antioxidants such as tocopherols and polyphe-
nols can be incorporated to prevent lipid oxidation
and enhance skin compatibility (99). The use of
these eco-friendly and skin-compatible materials
supports the development of sustainable, effective,
and patient-friendly nanocarrier systems for the tar-
geted treatment of acne vulgaris.

To increase stability and skin permeability, a study
developed a novel delivery strategy for retinal
(RAL) using flexible liposomes (FLPs) loaded with
a-tocopherol succinate (a-TS). Pressure-sensitive
adhesive (PSA) hydrogels were used to embed the
RAL-FLPs, resulting in a delivery platform that fa-
cilitates effec-tive RAL penetration and extended
skin residency. According to the authors’ results,
adding a-TS en-hanced RAL chemical and liposo-
mal stability. Furthermore, research using skin per-
meation and fluores-cence microscopy revealed that
adding o-TS increased RAL's skin permeability
through hair follicles (100).

Another study sought to explore the use of both the
liposomal system and a coating approach involving
chitosan and alginate polysaccharides applied to
nanoliposomes after encapsulating the phenolic ex-
tract of S. tenerrimum algae. The extracts from
nanoliposomes were tested for minimum bacteri-
cidal concentrations (MBCs) and minimum inhibi-
tory concentrations (MICs) against acne-causing mi-
croorganisms. The findings showed that the nanolip-
osomes' and coated nanoliposomes' MIC and MBC
activity declined with time. According to the find-
ings, nanoliposomes are a viable strategy for en-
hanced antibacterial activity against Cutibacterium
acnes and an efficient carrier system for phenolic
compounds (101).

Packaging and environmental footprint of final
products

In developing eco-friendly liposomal formulations
for acne treatment, the packaging and the final
product's environmental footprint play a crucial role
in ensuring overall sustainability. Eco-conscious for-
mulations must be complemented by biodegradable,
recyclable, or reusable packaging materials, such as
glass containers, bioplastics, or post-consumer recy-
cled (PCR) plastics, to reduce the product’s ecologi-
cal impact. Traditional plastic packaging, commonly
used in pharmaceuticals and cosmetics, contributes
significantly to microplastic pollution and landfill
waste (102). Recently, the cosmetics sector has
placed greater focus on sustainable packaging, with
many busi-nesses opting for eco-friendly materials
and processes (103). Additionally, the production
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process for liposomes can be optimized to lower en-
vironmental burden by using solvent-free or low-en-
ergy methods, thus minimizing emissions and chem-
ical waste. Several commercial anti-acne products
have emerged that incorporate liposomal technology
with an emphasis on natural ingredients and sustain-
able practices, as shown in Table I11. When both for-
mulation and packaging adhere to eco-friendly

standards, the final product may potentially contrib-
ute to a reduced environmental impact. However,
these benefits are rela-tive and depend on the manu-
facturing process, packaging, and distribution. As no
quantitative life cycle assessment (LCA) data are
available, these products should be considered po-
tentially greener alternatives rather than definitively
environmentally friendly.

Table 111

Some Marketed eco-friendly liposomal products for acne

Brand/Product name Eco-friendly features Target function References

Sesderma Azelac RU Paraben-free, blodegradablg Anti-acne and used for hyperpig-

- components such as soy leci- - (104)

Liposomal Serum - mentation
thin and xanthan gum
Herbivore Lapis Facial Oil Free from §ynthetlc additives, Used for acne-prone skin as an (105)
packaged in recyclable glass anti-inflammatory

SkinCeuticals Phyto Free from sypthetlc dyes and Anti-inflammatory and antiseptic

- formulated with botanical ex- - (106)
Corrective Gel tracts effects used for acne-prone skin

Future perspectives in sustainable liposomal
therapies for acne

The future of eco-friendly liposomal formulations
for acne treatment lies in the convergence of sustain-
able materials science and advanced drug delivery
technologies. Ongoing research is expected to em-
phasize the use of naturally derived, biodegradable
lipids that not only support skin compatibility but
also reduce environmental impact. Innovations in
green manufacturing, such as solvent-free tech-
niques and energy-efficient processes, are antici-
pated to become standard in liposome formulation.
Furthermore, the incorporation of plant-based ingre-
dients with anti-acne properties, including essential
oils, flavonoids, and herbal extracts, offers a prom-
ising alternative to conventional synthetic agents.
These developments are likely to be complemented by
a shift toward environmentally responsible packag-
ing solutions, including recyclable glass, bioplastics,
and refill systems. As consumer demand for sustainable
skincare grows, future products will need to meet not
only therapeutic efficacy standards but also align with
broader ecological values, potentially guided by
emerging regulatory frameworks and eco-certifications.

Conclusions

Eco-friendly liposomal formulations offer a compel-
ling alternative to conventional acne therapies by ad-
dressing both therapeutic and environmental con-
cerns. Throughout this review, we highlighted how
liposomes enhance drug stability, skin penetration,
and targeted delivery while also offering opportuni-
ties for cleaner, greener formulation strategies. The
integration of biodegradable lipids and plant-derived
actives into nanocarrier systems not only improves
treatment outcomes but also supports the growing
demand for sustainable skincare solutions. However,

despite promising advances in research and some
movement in the commercial space, fully eco-con-
scious liposomal products for acne remain limited. A
deeper understanding of formulation challenges,
regulatory frameworks, and lifecycle impacts is es-
sential for translating laboratory innovations into
truly sustainable clinical and cosmetic applications.
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