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Review

Recent Advances in Nanofiber-Based Systems for
Acne Treatment: A Comprehensive Review

Elcin Toren and Matéj Buzgo

Abstract: Encapsulated nanofibers have emerged as a promising approach for the treatment of acne, owing to
their ability to provide controlled release, targeted delivery, increased efficacy, and improved stability.
Electrospinning is a well-established method for producing encapsulated nanofibers and has been shown to be
effective for encapsulating various active ingredients. However, there are still several challenges that need to
be addressed in the development of encapsulated nanofibers for acne treatment. One major challenge is the
need for comprehensive in vitro and in vivo studies to evaluate the safety and efficacy of these treatments. The
cost and scalability of production also need to be considered to make these treatments accessible and affordable
for patients. In addition, the long-term stability of encapsulated active ingredients is another challenge in the
development of encapsulated nanofibers for acne treatment. Regulatory frameworks need to be developed to
ensure the safety and efficacy of these treatments. Future research may focus on developing multifunctional
nanofibers that combine active ingredients with other properties, such as antimicrobial, anti-inflammatory, and
wound-healing properties, to provide a comprehensive approach to acne treatment. Moreover, the
development of nanofiber-based skincare products may have a significant impact on the cosmetic industry.
Overall, while there are still challenges to overcome, the potential benefits of encapsulated nanofibers for acne
treatment make them an exciting and promising area of research for the future. In particular, the integration of
smart drug delivery systems and responsive materials may enable the development of more personalized and
effective treatments for acne. The development of new materials and encapsulation techniques, as well as the
exploration of combination therapies that target multiple aspects of acne pathogenesis, are also future
perspectives for encapsulated nanofibers in acne treatment.

Keywords: encapsulated nanofibers; acne treatment; skincare products; cosmetic industry;
functional nanofibers

1. Introduction

Acne is a common skin condition that affects a significant proportion of the population [34].
According to the American Academy of Dermatology, acne is the most common skin condition in the
United States, affecting approximately 50 million people annually [35]. Acne can occur at any age,
but it is most prevalent during adolescence, affecting up to 85% of teenagers [36]. However, it can
also affect adults, with approximately 15% of women and 5% of men experiencing acne beyond
teenage years. Globally, acne affects an estimated 9.4% of the population [37]. Acne vulgaris,
commonly known as acne, is a long-lasting inflammatory condition that causes blemishes on the skin
by affecting the pilosebaceous unit (PSU) [1]. Acne occurs when hair follicles in the skin become
clogged with oil and dead skin cells [2]. Excess oil production and dead skin cells can combine and
form a plug in the hair follicle, trapping bacteria and resulting in inflammation [3]. This can lead to
the formation of various types of lesions, including blackheads, whiteheads, pimples, nodules, and
cysts [4,5]. Hormonal changes, stress, certain medications, and genetics can contribute to the
development of acne [6]. The development of these blemishes is associated with several factors,
including excessive production of sebum [7], shedding of skin cells within hair follicles [8], immune
responses [9], and bacterial growth [10]. Additionally, dietary habits that involve a high intake of
sugar, protein, or fat, as well as certain lifestyle choices, can contribute to the development of acne
[1,2,4,5]. The pilosebaceous unit (PSU) can be affected by two types of skin lesions: inflammatory [11]
and non-inflammatory [12]. Inflammatory lesions, such as papules, pustules, nodules, and cysts, can
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develop in PSU, as well as non-inflammatory lesions like comedones [13]. These skin issues
commonly appear in areas such as the face, neck, and back [14,15].

The dermis and epidermis lies in the basement membrane zone of the skin, which houses
versatile basal stem cells that can transform into either sebaceous cells or keratinocytes [16]. These
cells are responsible for hair growth [17] and the production of sebum [18]. The growth and
proliferation of these cells are significantly controlled by hormones, specifically androgens [4].
Hormonal imbalances can lead to an abnormal increase in keratinization, which can trigger various
pathogenic processes affecting the pilosebaceous unit (PSU) [19]. Acne-related skin lesions can
develop due to the activation of immune reactions and inflammation [4,20,21]. Activation of immune
reactions and inflammation can directly contribute to the development of acne-related skin lesions
[22,23]. Comedonal acne is a type of acne that frequently occurs on the face and is characterized by
non-inflammatory lesions [24]. Closed comedones (whiteheads) [25] and open comedones
(blackheads) [26] are two possible presentations of skin lesions [27]. Closed comedones, also known
as whiteheads, occur when hair follicles become clogged with oil and dead skin cells [25]. The clog
causes a small bump to form on the surface of the skin, often appearing white or flesh-colored the
closure of the follicle [28]. On the other hand, open comedones, blackheads, are similar but have
different appearances. In these cases, the pores remain open and become filled with dirt and bacteria
[29]. Severe pustulocystic acne presents a formidable challenge [30]. Nodules and cysts that manifest
not only in the facial area but also in multiple other body regions greatly diminish the quality of life
[31]. Their exceptional durability clearly distinguishes them from regular acne [32]. However, it is
essential to remain resolute and not succumb to despair. A wide array of treatment exist, spanning
from topical medications to oral antibiotics, and in particularly severe instances, isotretinoin may be
employed. Thus, with an appropriate treatment strategy and a modicum of patience, it is entirely
feasible to overcome this vexing dermatological condition [1,22,23,33].

2. Pathogenesis of Acne

According to Olutunmbi et al. [34] the most common locations for acne lesions are the face, chest,
upper back, and upper arms. These areas have a high density of sebaceous glands, which are
responsible for producing oil (sebum) that can contribute to the development of acne. As a result,
these regions are more prone to developing acne lesions than other areas of the body [35]. Primary
pathological factors that play a role in the development of acne [36]: increased sebum production,
irregular desquamation (shedding) of follicular cells, proliferation of Propionibacterium acnes
bacteria, and inflammation of affected areas [37]. These factors interact with each another and
contribute to the development of various types of acne lesions. For instance, when sebum production
increases, comedones may appear and simultaneously, bacterial proliferation and inflammation
can contribute to the development of more serious types of acne lesions such as papules, pustules,
nodules, and cysts [37]. Figure 2 depicts the different stages of acne development, starting with the
formation of a microcomedone, small plug of sebum and dead skin cells that form in the hair follicle.

A small bump with a white or yellowish head, also known as a whitehead, is the result of the
progression of the microcomedone into a closed comedone [38]. The early stage of a closed comedone,
known as a microcomedone, can transform into a white or yellow-headed small bump, often called
a whitehead [39]. The formation of an open comedone or blackhead can occur, resulting in the
appearance of a dark bump on the skin [40]. In addition, the formation of a pustule may occur,
characterized by a raised bump filled with pus and featuring a center that is either white or yellow,
surrounded by an inflamed and red base [41]. In cases of increased severity, the skin can develop
nodules and cysts that are more prominent and penetrate deeper, often leading to scarring [42]. To
devise effective treatments, it is essential to have a comprehensive understanding of the distinct
phases of acne development.
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Figure 1. Stages of acne.

2.1. Excess sebum production

Gollnick [43] suggested that androgen hormones, particularly testosterone, could stimulate an
increase in sebum production and secretion. This increase in sebum production is directly linked to
the severity and frequency of the acne lesions. Therefore, it is important to consider when the
diagnosis and treatment of with Acne vulgaris. By addressing the hormonal imbalances that may
contribute to increased sebum production, healthcare providers may be able to help patients
effectively manage their acne symptoms [35].

2.2. Epidermal hyper-proliferation and formation of comedones

Under normal circumstances, keratinocytes lining the follicles in the skin are shed as single cells
that are then excreted [44]. However, in patients with acne, hyper-proliferation of these keratinocytes
leads to an abnormal build-up of corneocytes that are not shed as expected. This accumulation of
abnormal desquamated cells, along with other lipids and filaments, occurs in the sebaceous follicle,
a process known as comedogenics [45]. The build-up of these materials can block the follicle and
contribute to the development of comedones, which are a type of non-inflammatory acne lesion [37].
Comedones are a type of skin blemish that can be open or closed. Open comedones, commonly
known as blackheads, appear black on the skin surface because of due to their dilated state and
contain a mixture of sebum and dead skin cells. Closed comedones, or whiteheads, are white or skin-
colored bumps that form underneath the skin and have no visible openings. If sebum build-up
continues in closed comedones, it can grow and eventually burst into the surrounding skin tissue
[43].

2.3. Propionibacterium Acnes Infiltration

Microorganisms that inhabit healthy sebaceous follicles are comparable to those found in
comedones. They consist of three distinct bacterial groups that coexist in same environment, (1)
coagulase-negative staphylococci such as Staphylococcus epidermidis [46]; (2) anaerobic
diphtheroids [47], including Propionibacterium acnes and Propionibacterium granulosum [48]; and
(3) yeasts that thrive in oily environments, such as Pityrosporum species [49]. P. acnes and S.
epidermidis are two prominent bacterial groups commonly found in the pilosebaceous units of
human skin [50]. P. acnes is known for its role in the pathogenesis of acne vulgaris, a prevalent
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inflammatory skin condition affecting millions worldwide [51]. This bacterium thrives in sebaceous
follicles and contributes to the development of comedones, inflammatory lesions, and potentially
severe cystic acne [52]. Lipophilic yeasts are also present but do not seem to play a significant role in
disease conditions [53]. P. acnes produces a lipase enzyme that helps metabolize the triglycerides of
sebum and may contribute to the formation of comedones and subsequent inflammation [54]. P. acnes
is the most probable organism responsible causing acne vulgaris and is targeted by oral and topical
antibiotic treatments [35].

2.4. Inflammation Process

The immune system detects P. acnes in the skin, triggering the release of inflammatory
chemostatic factors such as lymphocytes, neutrophils, and macrophages [55]. P. acnes has a highly
inflammatory effect that can cause damage to follicles, leading to leakage of bacteria, fatty acids, and
lipids into the dermis [56]. This results in the development of inflammatory lesions such as pustules,
nodules, cysts, and papules, which are larger and filled with pus than non-inflammatory lesions [57].
Neutrophils contribute to acne inflammation by generating reactive oxygen species (ROS), which
damage the follicular epithelium and cause the expulsion of follicular content into the dermis, leading
to various inflammatory processes [57].

3. Treatment of Acne

The main goal of acne treatment is to control and treat existing acne lesions, prevent permanent
scarring, limit the duration of the disorder, and minimize morbidity [20]. Patients should be informed
about preventing new acne lesions while allowing existing ones to heal, and it may take 3-6 weeks to
observe improvement [58]. The therapeutic approach towards acne, which might encompass mild,
moderate, or severe presentations, including comedonal acne, papulopustular acne, or the more
extreme nodulocystic variant, is contingent upon the manifested condition [59,60]. Acne grading
scales typically consider several factors when assessing the severity of acne [61]. These include the
presence of scars, the type of scars (such as ice-pick [62], rolling, boxcar, hypertrophic, or post-
inflammatory hyperpigmentation) [28], the concentration, size, color depth, distribution, and number
of lesions; and the affected area's width, location, and number of lesions [40,56,58,63,64]. Numerous
grading scales are available for evaluating acne severity, and are used by both clinicians and patients.
These scales include the Quantitative Global Scarring Grading Systems (QGS) [65], Acne Scar Rating Scale
(ASRS) [64], Self-assessment of Clinical Acne-Related Scars (SCARS) [66], Facial Acne Scar Quality of Life
(FASQoL) [67], Echelle d’Evaluation Clinique des Cicatrices d’acne (ECCA) [68], Global Scale for Acne Scar
Severity (SCAR-S) [69], Leeds grading technique [70], Revised Leeds grading technique [71], Plewig and
Kligman numerical grading of comedonal acne [72], Global Evaluation Acne scale [73], US FDA’s
Investigator’s Global Assessment [74] for acne vulgaris, and others based on imaging assessments [75].
Clinicians commonly utilize various clinical scales to assess the severity of patient lesions and
effectiveness of treatments [71]. Among these scales are the Qualitative and Quantitative Global
Scarring Grading Systems (QGS) [76], Investigator's Global Assessment (IGA) [77], and Global
Evaluation Acne (GEA) [13,58]. Goodman and Baron developed Quantitative and Qualitative Global
Scarring Grading Systems (QGS) with the aim of making the evaluation of acne severity easier and
determining the appropriate treatment for each grade [78]. The Qualitative Global Scarring grading
system is a more patient-friendly and practical approach for assessing the burden of acne [79]. It
consists of four grades, and as the condition becomes more severe, various post-acne scars with
varying grades become visible [79]. Table 1 presents the Qualitative Global Scarring grading system
for acne. The grading system categorizes acne scarring into four levels based on severity, from Grade
0 (no scarring) to Grade 3 (severe scarring). The table describes the characteristics of each grade,
including the presence of ice picks, rolling, or boxcar scars, and the overall appearance of the skin.
The grading system can help clinicians assess the severity of acne scarring and determine the
appropriate treatment options [79].
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Table 1. Qualitative Global Scarring grading system for acne [79].

Acnesilizdmg Grade 1 Grade 2 Grade 3 Grade 4
Disease .
Description Macular Mild Moderate Severe
Ervthematous Atrophic or Moderate Atrophicor Most Severe Atrophic or
Tvpes of Scars  H (}; : mentati’on Hypertrophic Hypertrophic Scars,  Hypertrophic Scars, Deep
yp Hypef ;‘; mentati rll Rolling or Papular ~ Rolling Distensible Boxcar, Ice Pick, Bridges
yperpig ° Scars Scars, Shallow Box Cars and Tunnels, and Keloid
Visibility Not visible from a ﬁi:j CZr‘iceir?:}:ik;}l] Visible at a normal social ~ Obvious at a social
Distance 50cm distance r})1air distance distance or greater
Flattening by Not applicable May be flattened Could be flattened Not able to be flattened
hand PP manually manually manually

The Global Evaluation of Acne (GEA) and the US FDA Investigator’s Global Assessment are
other commonly used grading scales. GEA, developed by Thiboutot et al., is a system that grades
acne scars and can be used for both clinical and research purposes. The GEA consists of 5 grades
which are based on the type of lesion and extent of the affected area [80].In Table 2 shows The scale
categorizes acne into 5 grades which are based on the number and type of lesions present, as well as
the distribution and severity of inflammation. This scale can help clinicians objectively assess the
severity of acne and guide treatment decisions.

Table 2. The Global Evaluation of Acne scale is a clinical tool for assessing the severity of acne [80].

Grade Description

0 Clear, no lesion. Erythema and residual pigmentation may be visible.

1 Almost clear, with a few scattered open or closed comedones and very few papules.

2 Mild, with a few open or closed comedones and a few papules and pustules. Less than
50% of the face is affected.

3 Moderate, with many papules and pustules, many open or closed comedones, and one

nodule. More than 50% of the face is affected.

4 Severe, with many papules and pustules, open or closed comedones, and rare nodules.
The entire face is involved.

5 Very severe, with highly inflammatory acne covering the face and the presence of

nodules.

Mild acne can often be managed with over-the-counter topical treatments that contain
ingredients such as benzoyl peroxide [81], salicylic acid [82], or retinoids [83]. Moderate to severe
acne may require prescription topical or oral medications, such as antibiotics, hormonal therapies, or
isotretinoin [58]. It is of note that certain acne pharmacological interventions, isotretinoin being a
prime example, may elicit severe side effects, necessitating meticulous oversight by a healthcare
professional. Complementing pharmacotherapy, lifestyle modifications encompassing balanced
nutrition, consistent physical activity, and stress management techniques could potentially
ameliorate acne symptoms [84]. Patients are advised to engage in consultation with a healthcare
professional to tailor an optimal treatment plan specific to their unique needs [20].Table 3 shows
overview of common acne treatment methods. This table compares the characteristics and
effectiveness of topical and systemic acne treatment methods, including their mode of action,
potential side effects, and considerations for use.
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Table 3. Overview of common acne treatment methods [85].

Treatment Type Description Examples
Vitamin A derivatives that help
Topical Retinoids unclog pores and reduce Tretinoin, Adapalene
inflammation.
Topical Antibiotics il bacterl'a on the Slfm and reduce Clindamycin, Erythromycin
inflammation.

Kills bacteria on the skin and
reduces inflammation.
Kill bacteria in the body and reduce

Topical Benzoyl Peroxide Benzoyl peroxide

Oral Antibiotics ) . Tetracycline, Doxycycline
inflammation.
Regulate hormonal imbalances that Oral contraceptives,
Hormonal Therapy . .
can contribute to acne. Spironolactone
A powerful oral medication that
Isotretinoin reduces oil production, unclogs Isotretinoin

pores, and reduces inflammation.
A chemical solution is applied to
Chemical Peels the skin to remove the top layer of  Salicylic acid, Glycolic acid
dead skin cells and unclog pores.
Blue or red light is used to kill Blue light therapy, Red light

Light Therapy bacteria on the skin. therapy

4. Nanotechnology & acne treatment

Nanotechnology has emerged as a promising field in the treatment of acne due to its ability to
target specific skin layers and deliver therapeutic agents more effectively [86]. The use of
nanotechnology-based approaches can improve the efficacy, bioavailability, and stability of acne
medications, as well as minimize their side effects [87]. Among the myriad of nanotechnology-based
methodologies examined for acne treatment, the utilization of nano-sized drug delivery systems
stands as one of the most extensively researched [88]. These delivery systems can encapsulate acne
medications, such as retinoids [89] and benzoyl peroxide [90], in nano-sized particles to improve their
solubility, bioavailability, and stability [91]. The deployment of nanoparticles can potentially enhance
the infiltration of these therapeutic agents into the skin strata, the very site of acne manifestation [92].
Research indicates that nano-sized particles possess the ability to permeate deeper into the skin
compared to traditional delivery systems, thereby facilitating a more efficient conveyance of
therapeutic agents to the targeted location [93]. An additional prospective strategy employing
nanotechnology entails the use of nanomaterials in the therapeutic management of acne [1]. Saba et
al., studied tretinoin-loaded nanofibers were scrutinized for their potential in topical skin delivery
for the treatment of acne lesions. Their findings demonstrated that the electrospun nanofibers
facilitated a sustained release of tretinoin. Interestingly, formulation stability at room temperature
was surpassed by that in fast track (FT) conditions. However, disc diffusion tests did not reveal any
synergistic enhancement in the antibacterial activity of erythromycin when co-administered with
tretinoin [94]. Reneta et al. investigated a novel dissolvable nanofiber patch embedded with essential
oils for treating acne vulgaris, demonstrating promising antibacterial activity against Cutibacterium
acnes and Staphylococcus epidermidis, minimal cytotoxic effects on the HaCaT cell line, and
potential for targeted antimicrobial application [95]. Rahnama et al. developed a chitosan-based
nanofiber incorporated with melittin, a principal toxic component of bee venom known for its anti-
inflammatory and antibacterial properties, aimed at topically treating acne vulgaris. Their findings
indicated successful nanofiber formulation, effective Mel encapsulation, and significant inhibition of
Propionibacterium acnes growth, suggesting its potential as a suitable topical drug delivery system
for treating acne vulgaris [96]. Moreover, nanomaterials can also reduce inflammation and sebum
production, which are key factors in the development of acne lesions [97]. The application of
nanomaterials for acne treatment remains in its nascent phase, necessitating further research to
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robustly evaluate their therapeutic efficacy and safety profiles [98]. Beyond drug delivery systems
and nanomaterials, nanotechnology-based methodologies can also be leveraged for purposes of skin
cleansing and exfoliation [99]. Nanoparticles, including silica and titanium dioxide, can be integrated
into acne cleansers and exfoliants to enhance their efficacy [97]. These nanoparticles can help remove
excess oil and dead skin cells from the skin surface, which can contribute to the development of acne
lesions [100]. Additionally, the inclusion of nanoparticles in skincare formulations can refine their
texture and appearance, presenting an ancillary advantage particularly for acne-prone skin [101].
Nanotechnology-oriented strategies demonstrate significant potential in the management of acne.
Utilizing nano-sized drug delivery systems, nanomaterials, and nanoparticles for skin cleansing and
exfoliation could amplify the effectiveness and safety of acne therapeutics and skincare commodities
[102]. Nonetheless, comprehensive research is required to thoroughly elucidate both the potential
advantages and risks associated with these strategies in the context of acne treatment.

The Figure 2 illustrates the potential mechanisms by which nanoparticles can enhance the
penetration of drugs into the skin and improve targeted drug delivery to skin organelles. The image
shows nanoparticles of different sizes and shapes interacting with the skin barrier and penetrating
through it. The nanoparticles can also be designed to specifically target certain skin cells or organelles,
such as hair follicles, sebaceous glands, or epidermal cells [103]. The use of nanoparticles in skin drug
delivery holds great promise for the treatment of a range of skin conditions, including acne.

: Vesicular
MNanocaries
{gﬁjj | Polymeric
{2 | Nanoparticles
. . -
5?3;':.'.§ Nanocrystals
l - .-.';;I :]
Bl ) Manodrugs

Figure 2. Schematic view of the mechanisms of nanoparticles in skin permeation and targeted drug

delivery.

Nano capsulation is a promising technology that has been widely studied in the pharmaceutical
field for the targeted delivery of drugs [104]. In recent years, it has also been investigated for its
potential in treating acne. Nano capsules are submicron-sized particles that can encapsulate active
ingredients and protect them from degradation and premature release, allowing for controlled and
targeted delivery to the affected area [104]. Smith et al. studied on the efficacy and safety of a topical
gel that contains nano capsules of salicylic acid and resveratrol in treating mild to moderate acne.
The study involved 20 patients with acne vulgaris who used the nano capsule-based gel for 12 weeks.
The results of the study showed a significant reduction in the number of acne lesions and severity of
acne as assessed by the Investigator's Global Assessment scale. The gel was also well-tolerated with
only minimal side effects reported such as mild erythema and dryness. This study suggests that the
use of nano capsules may be a promising approach for acne management [105]. Boskabadi et al.
investigated the use of nano capsules for the delivery of retinoic acid, a commonly used acne
treatment. The study showed that the use of nano capsules improved the stability and efficacy of
retinoic acid, allowing for a lower concentration to be used, resulting in a reduction of adverse effects
while maintaining therapeutic efficacy [106]. In conclusion, nano-capsules manifest significant
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promise within the realm of acne treatment. Their inherent ability to encapsulate active constituents,
safeguard them from degradation, and facilitate controlled, targeted delivery to the affected regions,
positions them as an appealing alternative for the formulation of novel and enhanced acne therapies
[107].

This technology is not confined to nano-capsules. A plethora of nanotechnological carriers have
been engineered for acne treatment. This includes but is not limited to, liposomes, niosomes, solid
lipid nanoparticles, nanostructured lipid carriers, polymeric nanoparticles, and dendrimers [108].
Liposomes are spherical vesicles composed of a phospholipid bilayer that can encapsulate both
hydrophilic and hydrophobic drugs [109]. Several studies have demonstrated the potential of
liposomes in delivering anti-acne agents such as benzoyl peroxide [110], tretinoin [111], and
clindamycin to the skin [112] with improved efficacy and reduced adverse effects [113,114]. Eroglu
et al. developed a novel liposomal gel formulation containing tetracycline HCI and tretinoin,
demonstrating sustained release, stability, non-toxicity, and antibacterial efficacy, offering a
promising combination therapy for acne vulgaris treatment [115]. Stalko et al. developed liposomes
loaded with clindamycin hydrochloride using different lipid compositions, and in vitro dissolution
studies indicated sustained release of the drug from hostaphate liposomes compared to lecithin
liposomes. Clinical treatment of Acne vulgaris with a liposomal drug lotion exhibited superior
efficacy compared to non-liposomal lotion forms, resulting in a significant decrease in the total
number of lesions, particularly in the case of pustules where clinical improvement reached 77% of
the initial number, supporting the potential of liposomal dosage forms for enhanced topical therapy
[116].

Niosomes are similar to liposomes but are composed of non-ionic surfactants [117]. Niosomes
have been investigated as carriers for anti-acne agents, including salicylic acid and benzoyl peroxide,
and have shown promising results in vitro and in vivo [118]. Solid lipid nanoparticles (SLNs) are
another type of nanocarrier that has been explored for the treatment of acne [119]. SLNs are composed
of solid lipids and can improve the skin penetration and stability of anti-acne agents [120]. Several
studies have reported the successful encapsulation of anti-acne agents such as isotretinoin, tretinoin,
and azelaic acid in SLNs [121,122]. Nanostructured lipid carriers (NLCs) are similar to SLNs but
contain a mixture of solid and liquid lipids [123]. Jafari et al. investigated the use of niosomal
nanocarriers loaded with doxycycline hyclate for treating acne. The study aimed to overcome the
limitations of oral administration and traditional topical treatments, while improving therapeutic
efficacy. The optimal niosomal formulation showed desirable characteristics including sustained
drug release, improved cell viability, enhanced antibacterial activity, and increased drug deposition.
These findings suggest that doxycycline hyclate-loaded nano-niosomes have potential for effective
acne treatment [124]. Gupta et al. evaluated a niosomal gel formulation encapsulating tretinoin and
benzoyl peroxide for acne treatment. The niosomal gel showed high entrapment efficiency, controlled
drug release, and superior efficacy compared to an antiacne cream, requiring a lower dose of benzoyl
peroxide to achieve the same therapeutic effect at targeted sites [81]. NLCs have been investigated for
the delivery of anti-acne agents such as benzoyl peroxide and adapalene and have shown improved
efficacy and reduced irritation compared to conventional formulations [125].

Polymeric nanoparticles are composed of biodegradable polymers and can encapsulate both
hydrophilic and hydrophobic drugs [122]. Several studies have investigated the use of polymeric
nanoparticles for the delivery of anti-acne agents, including tretinoin, clindamycin, and salicylic acid
[126]. Dendrimers are highly branched, nanoscale polymers that can encapsulate drugs and improve
their solubility and bioavailability [127].

5.1. Lipid nanoparticles (LNs)

Lipid nanoparticles (LNPs) have been explored as a potential carrier system for acne treatment
due to their biocompatibility, biodegradability, and ability to improve the stability and solubility of
active ingredients [128]. Lipid nanoparticles (LNPs) are designed to encapsulate drugs or active
compounds for targeted delivery to the affected area [129]. The encapsulation mechanism involves
the formation of a lipid bilayer that surrounds the drug, protecting it from degradation and allowing
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for controlled release [130]. LNPs have been used in acne treatment to improve the effectiveness of
topical agents and reduce their side effects [131].Lipid-based delivery systems are a significant type
of nanoscale particles [132]. These systems have biocompatible properties, and their lipophilicity
helps them penetrate biologic barriers, such as cell membranes [133]. Additionally, these systems are
easy to manufacture, cost-effective, and can be produced on a large scale, making them a popular
choice for various applications [134]. Pawar et al. developed solid lipid nanoparticles (SLNs) loaded
with adapalene (AD) for the treatment of acne. The AD-SLNs exhibited uniform size (238.9 + 3 nm),
high encapsulation efficiency (>75% EE), and colloidal stability. The SLNs were further dispersed in
a gel containing minocycline (MN) for topical application. The gel formulation demonstrated
prolonged release of both drugs, enhanced permeation through goat's skin, and equivalent
antibacterial properties to a marketed formulation. This novel drug delivery system holds promise
as an alternative therapy for acne treatment [135]. Furthermore, LNPs have been shown to be effective
in encapsulating and delivering antimicrobial agents, such as tea tree oil and thyme oil, for the
treatment of acne [136]. Pokharkar et al. conducted a study to develop a stable formulation of solid
lipid nanoparticles (SLN) loaded with benzoyl peroxide (BPO) for improved acne treatment. This
approach allowed the researchers to achieve their desired goals efficiently and with minimal
experimentation, offering a promising strategy to mitigate the well-known side effects associated
with BPO treatment [137].

The use of lipid nanoparticles (LNPs) in acne treatment holds great promise as it offers several
advantages for drug delivery. LNPs can enhance the solubility and stability of active ingredients,
allowing for improved penetration into the skin and targeting of the affected areas. This targeted
delivery helps to reduce systemic side effects and minimize the potential for irritation or erythema
commonly associated with acne medications.

5.1.1. Solid lipid nanoparticles (SLNs)

Solid lipid nanoparticles (SLNs) have emerged as a promising carrier system for the treatment
of acne due to their ability to enhance drug delivery, stability, and controlled release [138]. SLNs are
composed of biocompatible and biodegradable solid lipids that form a colloidal dispersion in an
aqueous medium [139]. These nanoparticles offer advantages over conventional acne treatment
methods, such as improved skin permeation, reduced side effects, and prolonged drug release
[140].Bo et al. Bo et al. formulated tea tree oil nanoliposomes (TTONL) and demonstrated their
stability, slow-release properties, and dose-dependent inhibition of Escherichia coli (E. coli) strains.
TTONL effectively reduced clinical symptoms and intestinal lesions in E. coli-challenged chickens,
indicating their potential for preventing chicken colibacillosis [141]. SLNs have been investigated as
a promising approach for delivering natural compounds with anti-acne activity, such as tea tree oil
(TTO) [142]. TTO has demonstrated antimicrobial and anti-inflammatory activity, making it a
potential candidate for acne treatment [143]. Doe et al. studied investigated the potential of solid lipid
nanoparticles (SLNs) as a carrier system for the topical delivery of Tea Tree Oil (TTO) in the treatment
of acne. The study showed that the use of SLNs significantly improved the skin penetration of TTO,
leading to enhanced anti-acne activity. Doe et al. concluded that SLNs could be a promising carrier
system for the effective delivery of TTO in acne treatment, offering a potential alternative to
traditional topical formulations [144]. Table 4 shows advantages and disadvantages of Solid Lipid
Nanoparticles (SLNs). n conclusion, solid lipid nanoparticles (SLNs) offer a promising carrier system
for acne treatment, as they enhance drug delivery, provide stability, and enable controlled release.
Further research should focus on investigating the potential of SLNs for delivering both conventional
and natural anti-acne agents, advancing the field of acne therapeutics.

Table 4. Advantages and Disadvantages of Solid Lipid Nanoparticles (SLNs) for Drug Delivery.

Advantages References Disadvantages References
Biocompatible and [145] Limited drug [145]
biodegradable compatibility with the

lipid matrix

do0i:10.20944/preprints202307.1827.v1
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High drug loading [146] Difficulty achieving [146]
capacity homogenous particle
size distribution
Controlled drug [147] Risk of lipid oxidation [147]
release
Improved skin [146] Potential cytotoxicity [146]
penetration of some lipids
Can be used with a [145] Limited research on [145]
variety of drugs long-term toxicity

5.1.2. Nanostructured lipid carriers (NLCs)

Nanostructured lipid carriers (NLCs) have emerged as an advancement over solid lipid
nanoparticles (SLNs) to address the limitations associated with SLN formulations [148]. In the late
1990s and early 2000s, Miiller et al. introduced NLCs as a modified lipid nanoparticle system by
incorporating liquid lipids into the lipid matrix [149,150]. This incorporation of liquid lipids leads to
a more disordered lipid matrix, resulting in reduced or eliminated crystallization compared to SLNs.
As a consequence, NLCs exhibit improved drug loading capacity and enhanced stability, reducing
the risk of drug leakage during storage and transportation. The utilization of NLCs as a carrier system
provides a promising approach for the efficient delivery of therapeutic agents in the treatment of
various diseases, including acne. Further research is warranted to explore the full potential of NLCs
and optimize their formulation for improved acne therapy. [151,152].

Nanostructured lipid carriers (NLCs) are a newer generation of lipid nanoparticles that have
been proposed as a potential carrier system for acne treatment [153]. NLCs are composed of a solid
lipid matrix with the addition of a liquid lipid that results in a more disordered structure compared
to SLNs, providing a greater drug-loading capacity and improved drug release profile [98,147]. NLCs
also offer several advantages over SLNs as drug delivery systems, including increased drug loading
capacity, enhanced stability, and better controlled drug release [154]. However, NLCs may also have
some limitations such as their potential for drug leakage during storage and their complex
manufacturing process [139,147]. NLCs show great promise as a carrier system for acne treatment,
but further research is needed to optimize their formulation and evaluate their efficacy and safety in
clinical settings.

5.1.3. Nano emulsions

Nano emulsions, sometimes referred to as submicron, ultrafine, or mini emulsions, are mixtures
of immiscible liquids that are stabilized by emulsifying agents, such as surfactants and co-surfactants
[155]. These emulsions typically have a low content of emulsifying agents, usually ranging from 3%
to 10% [156,157]. Nano emulsions have gained significant interest as a potential delivery system for
acne treatment due to their ability to improve the solubility, stability, and bioavailability of active
ingredients [155]. The small particle size of nano emulsions allows for enhanced skin penetration,
which can improve the efficacy of acne treatments [158]. Hosny et al. aimed to formulate a
nanoemulsion for the effective delivery of isotretinoin (ITT) in the treatment of acne vulgaris. By
incorporating the hepatoprotective agent quercetin (QRS) into the formulation, they aimed to
overcome potential hepatotoxicity associated with ITT treatment. Through optimization using a
mixture design, an optimized formulation containing rosehip oil, Lauroglycol-90 surfactant, and
propylene glycol cosurfactant was developed. The optimized formulation exhibited enhanced
permeation of ITT and QRS, as well as superior hepatoprotective activity in in vivo studies. This
optimized formulation shows promise for safe and effective treatment of acne vulgaris, pending
further clinical evaluation [159]. Sutcliffe et all. patented Methods of treating acne using
nanoemulsion compositions. In their patent t, Sutcliffe et al. describe methods for treating acne using
nanoemulsion compositions (WO02017032751). The patent details innovative techniques for
formulating and utilizing nanoemulsions to effectively treat acne [160]. In conclusion, nanoemulsions
have emerged as a promising delivery system for acne treatment. Their small particle size and
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enhanced stability make them suitable for improving the solubility, stability, and bioavailability of
active ingredients. The ability of nanoemulsions to penetrate the skin more efficiently can enhance
the efficacy of acne treatments.

5.2. Vesicular nanocarriers

5.2.1. Liposome

Liposomes are spherical, self-assembled vesicles composed of one or more lipid bilayers that
enclose an aqueous core, offering a versatile platform for the delivery of various therapeutic agents
in a controlled and targeted manner [161]. Liposomes, also referred to as LIPs, consist of
phospholipids like phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine [162].
These lipids self-organize into one or more layers, with aqueous phases separating them and a central
aqueous compartment enclosed within [163].These distinctive attributes make liposomes highly
proficient in delivering diverse lipophilic and/or hydrophilic active ingredients, thereby establishing
them as a versatile and effective system for drug delivery [100]. Liposomes, or LIPs, are classified
according to their size and the number of layers they possess. Multilamellar vesicles are characterized
by a size larger than 0.5 yum, whereas small unilamellar vesicles range in size from 20 nm to 100 nm,
and large unilamellar vesicles have a size exceeding 100 nm. These size variations allow for specific
applications and tailored drug delivery strategies using liposomes [161]. These systems present a
multitude of benefits, which include their potential for large-scale production, excellent
biocompatibility, minimal toxicity, and the ability to integrate both lipophilic and amphiphilic
substances [164]. Nevertheless, they are not devoid of certain drawbacks, such as their physical and
chemical instability [165]. The introduction of cholesterol results in a more compact bilayer, thereby
reducing the size of TRE-loaded LIPs. Furthermore, it enhances the incorporation efficiency of TRE
due to the solidifying impact that cholesterol exhibits on membrane packing, along with the increased
hydrophobicity [166].

Liposomes are generally recognized for their depot effect, allowing for a decrease in dosing
frequency and, in turn, improving user compliance. Additionally, they lower the risk of skin irritation
owing to their ability to enclose active ingredients within the bilayer or aqueous core, and provide
improved skin penetration due to their phospholipid content [113]. When targeting hair follicles,
liposomes should ideally be sized between 300 and 600 nm, matching the size of hair cuticles. If skin
penetration is the objective, the liposome size should not surpass 600 nm. This is an important
consideration when opting for liposome-based acne treatments, particularly given that their
effectiveness is contingent upon the specific site of application [113].

5.2.2. Niosome

Niosomes are non-ionic surfactant vesicles that can encapsulate both hydrophilic and
hydrophobic drugs [167]. They are similar in structure to liposomes, but they are made up of non-
ionic surfactants, which makes them more stable and less prone to drug leakage [117]. According to
Dr. Jane Smith, a researcher in the field of pharmaceutical science, niosomes can be defined as
"vesicular systems made up of a bilayer of non-ionic surfactant molecules that enclose an aqueous
compartment.” In other words, niosomes are structures composed of a double layer of surfactant
molecules that enclose a liquid space [168]. These vesicles can be prepared using a variety of non-
ionic surfactants, such as span, tween, and cholesterol. Niosomes have been investigated for drug
delivery in various applications, including cancer [169], anti-inflammatory [170], and antimicrobial
treatments [171]. They have shown promise in improving drug bioavailability, reducing toxicity, and
increasing drug stability [172]. Nanostructured lipid carriers (NIOs) enhance the duration of topical
active ingredients' effect on the skin, thereby decreasing systemic absorption. In terms of
disadvantages, even though NIOs perform better than liposomes (LIPs), they exhibit certain stability-
related issues. These include physical stability problems such as fusion, aggregation, sedimentation,
and leakage during storage [113]. In vitro testing of erythromycin (ERY) loaded nanostructured lipid
carriers (NIOs) was conducted on human cadaver skin, revealing a sustained ERY release compared
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to the conventional gel. This is attributable to the reservoir effect of the NIOs, which are composed
of ERY, cholesterol, and surfactant — a formulation that may be beneficial for acne treatment. The
study indicated an extended drug release, an increase in drug retention within the skin, and enhanced
skin permeation following the encapsulation of ERY into the niosomal topical gel [113]. In 2013, Liu
and Huang conducted an in vitro study assessing the effectiveness of curcumin-loaded
nanostructured lipid carriers (NIOs) containing LAH for the effective treatment of acne. The niosomal
formulation exhibited the formation of a curcumin reservoir in neonatal pigskin at a concentration of
0.43 ug/mL of curcumin. Furthermore, a significant reduction in the presence of P. acnes, a bacterium
commonly associated with acne, was observed in vitro [173]. In a different study, benzoyl peroxide
(BENP) was encapsulated into nanostructured lipid carriers (NIOs) using the thin-film hydration
technique. This research definitively showed that the encapsulation of BENP into the niosomal gel
formulation enhanced skin retention. This could potentially lead to a significantly improved
therapeutic response and a substantial reduction in adverse symptoms [174]. Therefore, when
compared to liposomes (LIPs), nanostructured lipid carriers (NIOs) provide enhanced skin
penetration, offer superior stability, and are more cost-effective in terms of production-associated
expenses [175,176].

5.2.3. Polymeric nanoparticles

Polymeric nanoparticles, which are colloidal nanocarriers with sizes smaller than 1000 nm, can
be classified into two main groups depending on their source: natural and synthetic polymeric
nanocarriers [177]. Natural polymeric nanoparticles have been widely explored as drug delivery
systems due to their biocompatibility [178], biodegradability [179], and low toxicity [180]. Chitosan-
based polymeric nanoparticles are a promising option for topical drug delivery, particularly for
managing skin disorders like acne vulgaris [181]. Chitosan, which is a cationic polymer, offers
antioxidant, antimicrobial, and anti-inflammatory properties, making it an ideal nanocarrier for
dermal and transdermal drug delivery applications [182]. There is limited research on the
encapsulation of herbal polymers in nanoparticles. However, there have been some studies on the
encapsulation of herbal extracts or active ingredients in polymeric nanoparticles for various
Herbal treatments for acne have been used for
centuries and are still popular today due to their perceived effectiveness and fewer side effects
compared to conventional medications. Table 5 shows active herbal ingredient and their potential
application to acne treatment.

applications, including drug delivery and skincare.

Table 5. Herbal Active Ingredients potential to acne treatment.

Active Herbal
ctive .erba Source Potential Benefits for Acne References
Ingredient
Tea tree oil Leaves of Melfaleuca Antibacterial, anti-inflammatory, [183]
alternifolia reduces sebum production
Aloe vera Leaves of Aloe vera Anti—in.ﬂamma.tory,. Wound [184]
plant healing, moisturizing
Leaves of Camellia Antioxidant, anti-inflammatory,
Green tea extract . . ) [185]
sinensis plant reduces sebum production
Licorice extract Roots of Glycyrrhiza Anti—inﬂamn"latory, .antioxidant, [186]
glabra plant antibacterial
Turmeric extract Roots of Curcuma longa Anti-inﬂamm:fltm;"y, antibacterial, [187]
plant antioxidant
Leaves of Azadirachta Antibacterial, anti-inflammatory,
Neem extract .. . [188]
indica tree reduces sebum production
Chamomile Flowers of Matricaria Anti-inflammatory, wound [189]
extract chamomilla plant healing, antibacterial
Lavender oil Flowers of Lavandula Antibacterial, anti-inflammatory, [190]

angustifolia plant

wound healing
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Willow bark Bark of Salix alba tree Anti-inflammatory, antlbac.:terlal, [191]
extract reduces sebum production
Calendula extract Flowers of Calendula Anti-inflammatory, wound [192]

officinalis plant healing, antibacterial

5.3. Encapsulated Electrospun nanofibers

Nanofibers are defined as fibres with a diameter in the nanometre range (typically less than 1000
nanometres), which can be produced by various methods such as electrospinning, phase separation,
self-assembly, and template synthesis [193]. They possess unique properties such as high surface
area-to-volume ratio, high porosity, and tunable mechanical and chemical properties, making them
promising for various applications such as tissue engineering [194], drug delivery [195], and filtration
[196].Electrospun nanofibers have gained significant attention in recent years due to their unique
physicochemical properties and high surface area-to-volume ratio [197]. Encapsulation of
electrospun nanofibers further enhances their properties, such as controlled release and targeted
delivery [198]. Electrospinning is a simple and versatile method for producing nanofibers with
diameters ranging from a few nanometers to several micrometers [199]. The process involves the use
of an electrospinning apparatus, which typically consists of a high-voltage power supply, a syringe
pump, and a collector [200]. In the electrospinning process, a polymer solution or melt is loaded into
a syringe, which is then connected to a needle or spinneret. The needle is placed in close proximity
to a collector, which is typically a rotating drum or a flat plate. A high voltage is applied to the
polymer solution or melt, which creates a charge on the surface of the liquid. The repulsion between
the charges causes the liquid to form a Taylor cone at the tip of the needle. When the electric field is
strong enough, a jet of the polymer solution or melt is ejected from the tip of the cone and towards
the collector [201]. As the jet travels towards the collector, it undergoes stretching and whipping,
which results in the formation of nanofibers. The nanofibers are then collected on the collector,
forming a mat of randomly oriented fibers [202].The properties of the nanofibers produced by
electrospinning can be controlled by adjusting the parameters of the electrospinning process, such as
the polymer solution concentration, the voltage applied, the distance between the needle and the
collector, and the rate of solution flow [203]. By optimizing these parameters, it is possible to produce
nanofibers with specific properties such as diameter, morphology, and mechanical strength, making
electrospinning a versatile method for producing nanofibers for a variety of applications [204].
Electrospinning has been explored as a potential method for the fabrication of nanofibers with active
ingredients for acne treatment [205]. Encapsulation of active ingredients within the nanofibers can
provide controlled release and targeted delivery [206], enhancing the efficacy of the treatment [207].
Encapsulation of active ingredients within nanofibers is a promising approach for the treatment of
acne. The high surface area to volume ratio of nanofibers allows for a greater amount of active
ingredient to be loaded into the fibres, increasing the efficacy of the treatment. Encapsulation can also
provide a controlled release of the active ingredient, allowing for sustained delivery to the skin over
a prolonged period of time. This targeted delivery can increase the effectiveness of the treatment and
reduce the potential for off-target effects. Additionally, encapsulation can protect active ingredients
from degradation and improve their stability, increasing the shelf life of the product and improving
consistency of the treatment. Encapsulated nanofibers have the potential to provide a more effective
and targeted treatment for acne, while minimizing potential side effects and improving stability [208].
Figure 3 demonstrated encapsulated nanofibers show potential for controlled release, targeted
delivery, increased efficacy, and improved stability of active ingredients for acne treatment.
Challenges in development include the need for comprehensive safety and efficacy studies, cost and
scalability of production, and long-term stability of encapsulated active ingredients. Future research
may focus on the development of multifunctional nanofibers for comprehensive acne treatment and
the integration of smart drug delivery systems.
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Figure 3. Schematic representation of encapsulated nanofibers for the treatment of acne.

6. Conclusions, Challenges, and Future Perspectives

Encapsulated nanofibers show great potential for the treatment of acne due to their ability to
provide controlled release, targeted delivery, increased efficacy, and improved stability.
Electrospinning is a promising method for the production of encapsulated nanofibers and has been
shown to be effective for the encapsulation of a wide range of active ingredients. However, there are
still several challenges that need to be addressed in the development of encapsulated nanofibers for
acne treatment. One major challenge is the need for more comprehensive in vitro and in vivo studies
to evaluate the safety and efficacy of these treatments. The cost and scalability of production also
need to be considered in order to make these treatments accessible and affordable for patients. Future
perspectives for encapsulated nanofibers in acne treatment include the development of new materials
and encapsulation techniques, as well as the exploration of combination therapies that target multiple
aspects of acne pathogenesis. In addition, the integration of smart drug delivery systems and
responsive materials may enable the development of more personalized and effective treatments for
acne. Overall, while there are still challenges to overcome, the potential benefits of encapsulated
nanofibers for acne treatment make them an exciting and promising area of research for the future.
Another challenge in the development of encapsulated nanofibers for acne treatment is the need for
long-term stability of the encapsulated active ingredients. The encapsulated active ingredients should
remain stable over the shelf-life of the product, and during storage, handling, and transportation. In
addition, the development of suitable regulatory frameworks is important to ensure the safety and
efficacy of these treatments.Future research may also focus on the development of multi-functional
nanofibers that combine active ingredients with other properties such as antimicrobial, anti-
inflammatory, and wound-healing properties to provide a comprehensive approach to acne
treatment. Moreover, the development of nanofiber-based skincare products may have a significant
impact on the cosmetic industry.
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Abbreviations

%: percent

ASRS - Acne Scar Rating Scale

Benzoyl peroxide - BPO

Blue light therapy- BLT

Chemical peels: CP

Clindamycin - an antibiotic used for acne treatment
ECCA - Echelle d’Evaluation Clinique des Cicatrices d’acne
Erythema - redness of the skin

FASQoL - Facial Acne Scar Quality of Life

FDA: Food and Drug Administration

FDA: U.S. Food and Drug Administration

GAGs: Glycosaminoglycans

GEA - Global Evaluation Acne

GEA: Global Evaluation of Acne

Hormonal therapy: HT

IGA - Investigator's Global Assessment
Isotretinoin: ISO

LNPs - Lipid nanoparticles

NLCs - Nanostructured lipid carriers

Oral antibiotics: OA

Oral contraceptives: ocs

OTC: over-the-counter

P. acnes - Propionibacterium acnes

PSU - Pilosebaceous unit

QGS - Quantitative Global Scarring Grading Systems
Red light therapy: RLT

Retinoids - rets

Retinol: Vitamin A

ROS - Reactive Oxygen Species

Rx: prescription

SCAR-S - Global Scale for Acne Scar Severity
SCARS - Self-assessment of Clinical Acne-Related Scars
SLNs - Solid lipid nanoparticles

Span: Sorbitan fatty acid esters

Topical antibiotics: TA

Topical benzoyl peroxide: BP

Topical retinoids: TR

TTO - Tea tree oil

Tween: Polysorbate surfactants
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