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ABSTRACT 

Recent developments in dermatological science have greatly changed the concept of skin aging and, more particularly, wrinkling and sagging. Based 
on previous studies, this review summarizes the current findings regarding molecular mechanisms in skin aging: oxidative stress, glycation, and 
cellular senescence. Among the more recent topical innovative treatments are next-generation retinoids, advanced peptides, and exosomes derived 
from stem cells, promising new clinical treatments to improve skin elasticity and other signs of aging. Advances in minimally invasive procedures, 
dermal fillers and combined microneedling-radiofrequency treatments have shown greater efficacy with less downtime to achieve skin 
rejuvenation. Other emerging technologies related to personalized skin grafts via 3D bioprinting and nano-delivery systems may provide even new 
approaches for the regeneration of skin and delivery of anti-aging compounds with more precise delivery. Future directions involve very 
individualized treatments based on genomics, specific biomarkers, application of artificial intelligence in treatment planning and follow-up. These 
developments promise great new approaches; however, longer-term studies in terms of safety and efficacy are also needed to validate these 
approaches fully in diverse populations. The review brings into view the rapid pace of anti-aging skincare improvement into more complex, 
effective, and personalized treatments, holding a lot of promise for revolutionizing dermatology and aesthetic medicine. 

Keywords: Anti-aging formulations, Skin aging, Nanotechnology in skincare, Artificial intelligence in dermatology, Personalized skincare 

© 2025 The Authors. Published by Innovare Academic Sciences Pvt Ltd. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/) 
DOI: https://dx.doi.org/10.22159/ijap.2025v17i3.52837 Journal homepage: https://innovareacademics.in/journals/index.php/ijap 

 

INTRODUCTION 

Skin aging is a multifactorial process based on slow progressive 
changes in structural and functional properties of the dermis and 
epidermis. It manifests itself through wrinkles and sagging as well as 
elasticity loss with well-defined effects on the aesthetic component 
and physiological functioning of the skin [1]. Aging skin etiology may 
be divided into two main interacting processes: intrinsic or 
chronological aging and extrinsic or environmental aging [2]. 

This process, intrinsic aging, is biologically and genetically 
predetermined. It manifests over time, mainly characterized through 
cellular senescence; it reduces proliferative capacity and lower metabolic 
activity [3]. Telomere shortening, mitochondrial dysfunction, and 
accumulation of senescent cells have been identified as major molecular 
hallmarks of intrinsic aging [4]. The studies explained that all of these 
processes result in slow dermal degradation of collagen and elastin, 
which causes fine wrinkles with low skin elasticity [5]. According to 
Tigges et al., intrinsic aging occurs due to a reduction in the number and 
activity of the fibroblasts, which are major cells that ensure collagen and 
elastin synthesis in the dermis [6]. The two extrinsic factors of aging 
include photoaging, unlike intrinsic aging; this is majorly influenced by 
environmental factors: primarily UV radiation [7]. 

Other extrinsic factors include pollution, smoking, and inadequate 
nutrition. The degree of upregulation of MMPs quickens the 
breaking down of proteins in ECM, primarily collagen and elastin [8]. 
This results in deep wrinkles, skin laxity, and abnormal 
pigmentation [9]. Additionally, it have elaborated that air-borne 
particles may penetrate the skin and cause oxidative stress, thus 
resulting in premature aging of the skin [10]. 

Over the last centuries, tremendous advancement has been made in 
the molecular mechanisms that determine both intrinsic and 
extrinsic aging. This has opened up ground-breaking new 
approaches toward novel anti-aging, covering. 

Antioxidant and antiaging formulation: There has been development 
of new antioxidant formulations as well as delivery systems in order 
to counteract oxidative stress, which is one of the main reasons for 
both intrinsic as well as extrinsic aging [11]. This nanoencapsulation 

system of antioxidants is more penetrative and potent than a 
traditional formulation. 

Cellular senescence modulation: New senolytic therapies involve the 
elimination of senescent cells, which reverses some of the age-
related changes occurring in the skin found topical application of a 
small-molecule senolytic agent improves the appearance and 
functions of the skin in aged mice [12]. Skin barrier repair: Devised 
advanced moisturizers and skin-identical lipids to be used in the 
enhancement of barrier function of the skin, which naturally 
declines with aging. In their study, they found that such formulations 
resulted in a significant improvement in hydration of the skin and 
reduction in TEWL in aging skin. 

Induction of collagen and elastin: The next-generation peptides, 
growth factors, and energy-based devices promise to enhance the 
synthesis of these critical extracellular matrix proteins. Findings of 
new hexapeptide invention also revealed significant improvement in 
skin elasticity and wrinkle-resolving properties in human volunteers. 

Leveraging of stem cell technology: As discussed, the potential of 
exosomes derived from various sources of stem cells in skin 
regeneration and rejuvenation. It was found that exosomes from 
adipose-derived stem cells can enhance collagen synthesis and skin. 
Antioxidant and antiaging formulation: There has been development 
of new antioxidant formulations and delivery systems to counteract 
oxidative stress, which is one of the main reasons for both intrinsic 
and extrinsic aging. This nanoencapsulation system of antioxidants 
is more penetrative and potent than a traditional formulation. 

With the population growing ever older and the demand for effective 
anti-aging solutions continuing to rise, the work in this field has 
become very intensive. According to a report by Grand View 
Research in 2021, the worldwide anti-aging market size will reach 
USD 119.6 billion by 2030, therefore showing great economic and 
societal impact of this field. 

The review is aimed at an integrative approach to move forward 
with anti-aging techniques targeted specifically at wrinkles and skin 
sagging. Novel approaches in topical treatments, minimally invasive 
procedures, and emerging technologies are likely to be effective 
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tools for combating these visible signs of aging. This review will 
synthesize recent scientific findings for insight into contemporary 
findings on anti-aging research and future directions.  

The articles for the current review were chosen from specialized 
databases (range of years: 2014-2024) such as Elsevier, Pubmed, 
and Cambridge using the keywords Anti-aging formulations, Skin 
Aging, Nanotechnology in Skincare, Artificial Intelligence in 
Dermatology, Personalized Skincare. Other options include Springer 
and Wiley articles, information from the Internet, and online 
published articles from The Lancet Respiratory Medicine, Medscape, 
and StatPearls.  

Molecular mechanism of skin aging 

The molecular basis of skin aging involves a complex interplay of 
various biological processes. Intrinsic aging, driven by genetic factors, 
and extrinsic aging, caused by environmental stressors like UV 
radiation, both contribute to the progressive deterioration of skin 
structure and function. At the cellular level, oxidative stress plays a 
pivotal role, leading to the accumulation of Reactive Oxygen Species 
(ROS) that damage cellular components, including DNA, proteins, and 
lipids. This oxidative damage triggers a cascade of events, including 
telomere shortening, which limits cellular replication capacity and 
leads to senescence Additionally, glycation of structural proteins like 
collagen and elastin results in the formation of Advanced Glycation 
End Products (AGEs), compromising the extracellular matrix's 
integrity [13]. Epigenetic modifications, such as DNA methylation and 
histone modifications, also contribute to age-related changes in gene 
expression profiles. Furthermore, chronic low-grade inflammation, 
termed "inflammaging," perpetuates tissue damage and accelerates 
the aging process. Recent research has also highlighted the role of 
mitochondrial dysfunction in skin aging, as impaired energy 
metabolism and increased ROS production further exacerbate cellular 
damage Understanding these intricate molecular mechanisms 
provides a foundation for developing targeted anti-aging interventions 
and more effective skincare strategies [14]. 

Oxidative stress and free radical damage 

Oxidative stress, caused by an imbalance between free radical 
production and antioxidant defenses, is a key factor in skin aging. Free 
radicals, such as Reactive Oxygen Species (ROS) and Reactive Nitrogen 
Species (RNS), can damage cellular components, including lipids, 
proteins, and DNA, leading to premature aging and various skin 
disorders. Recent research has demonstrated that UV radiation, 
pollution, and lifestyle factors contribute significantly to oxidative 
stress in the skin [15]. The highlighted role of mitochondrial 
dysfunction in generating excess ROS, accelerating skin aging. To 
combat these effects, researchers have focused on developing more 
potent antioxidants and innovative delivery systems. The efficacy of 
nanoencapsulated vitamin C in penetrating deeper skin layers and 
providing enhanced protection against oxidative damage. Additionally, 
the use of natural compounds such as polyphenols from green tea and 
resveratrol from grapes has shown promising results in neutralizing 
free radicals and promoting skin health [16]. A comprehensive review 
emphasized the importance of a multi-faceted approach, combining 
topical antioxidants, oral supplements, and lifestyle modifications to 
effectively manage oxidative stress in the skin. 

Glycation and advanced glycation end products (AGEs) 

Glycation can be cited among the essential processes associated with 
the aging of skin, more so with the breakdown of structural proteins 
such as collagen and elastin. Nonglycative cross-linking between 
reducing sugars and proteins can result in the aging process 
characterized by extensive cross-links formation, significantly 
altering the mechanical properties of the skin with decreases 
elasticity and increase stiffness [17]. In addition to their role in 
compromising structural integrity, accumulation of AGEs can induce 
oxidative stress and inflammation, which in turn accelerates aging 
[18]. Current studies on the complex ways in which AGEs induce 
skin aging include their role in enhancing cellular senescence and 
degradation of the extracellular matrix in the skin. 

With an effective anti-glycation agent now the focus of constant 
research and development thrust in skincare. Other promising 

compounds include natural extracts such as Ginkgo biloba and green 
tea polyphenols, where recent evidence shows that these inhibit AGE 
formation and reduce their potential toxicity. Several synthetic 
compounds, including aminoguanidine and pyridoxamine, are being 
tested as AGE breakers that break cross-links or inhibitors that 
prevent the formation of AGEs [19]. On the other hand, topical use of 
antioxidants like vitamins C and E has been viewed as a way of 
fighting against oxidative stress from AGEs [20]. However, practical 
applications of the developed formulation in the products for skin 
care prove difficult and entail different issues among them poor 
penetration and stability of the active ingredient throughout the 
shelf life of cosmetics [21]. 

However, clinical trials have recently commenced investigating the 
ability of anti-glycation therapies to be effective in humans and some 
of them have demonstrated promising results, including increased 
skin elasticity and decreased wrinkle formation [22]. However, more 
controlled, long-term studies need to be performed to determine the 
full capacity of such treatments to prevent and reverse AGE-related 
dermatological damage. As the mechanism of glycation in aging 
continues to be unraveled, new possibilities for targeted 
interventions and personalized approaches to skincare are opened 
up. The integration of strategies to counteract the effects of glycation 
with other anti-aging strategies, such as photoprotection and proper 
hydration of the skin, could well represent the best of both worlds in 
managing aged skin and appearance [23]. 

Cellular senescence 

Cellular senescence is an important mechanism of skin aging, during 
which arrested cells that undergo clear morphological and 
functional changes accumulate. Both types of cells, namely 
fibroblasts and keratinocytes, are senescent cells displaying an 
overall aging phenotype [24]. Senescent cells secrete a complex 
mixture of factors that have been called the Senescence-Associated 
Secretory Phenotype (SASP) [25], including proinflammatory 
cytokines and chemokines, growth factors, and matrix-degrading 
enzymes [26]. This SASP can induce senescence in adjacent cells, 
leading to a cascade effect that hastens tissue aging [27]. Recent 
studies also indicated that the presence of senescent fibroblasts in 
the dermis allows for decreased collagen production, increased 
activity of the matrix metalloproteinase, extracellular matrix 
degradation, and loss of skin elasticity [28]. The field of therapies 
designed to selectively eliminate senescent cells is an emerging area 
for targeting some aspects of skin aging [29]. Depletion of senescent 
cells has been demonstrated to enhance several features of aging 
phenotypes, including in skin, in preclinical models [30]. Indeed, 
removal of p16Ink4a-positive senescent cells was shown to promote 
delays in aging-related disorders and to increase healthspan in mice 
[31]. Topical administration of a senolytic drug combination has 
dramatically decreased the number of senescent cells and enhanced 
wound healing in aged mice [32]. 

Topical treatments 

Next-generation retinoids 

Topical formulations: Long recognized as anti-aging active agents, 
retinoids have been well established as a pharmacological 
treatment. Application is often avoided due to side effects, such as 
irritation and photosensitivity. New-generation retinoids are under 
development to prolong the duration of effectiveness of these 
compounds without any loss of potency: Trifarotene is a fourth-
generation retinoid, specifically targeting the Retinoic Acid 
Receptor- γ (RAR-γ), which is dominant in the epidermis. Based on a 
randomized, vehicle-controlled study, trifarotene 50 μg/g cream 
highly improved facial and truncal acne with a favorable tolerability 
profile [33]. In as much as this study focused on acne, it is through 
its selectivity that trifarotene might have future anti-aging uses but 
with reduced irritation. Retinyl retinoate is a new hybrid retinoid 
that has shown promising photo-aging stability with decreased 
irritation. Study was conducted on randomized, double-blind, 
vehicle-controlled, split-face study comparing retinyl retinoate and 
retinol. They demonstrated that retinyl retinoate significantly 
improved wrinkles and hyperpigmentation after 12 w with effects 
comparable to or better than retinol and fewer adverse effects [34]. 
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Bakuchiol is not a 'true' retinoid but has been proven to have 
retinol-like action with no adverse events related to retinoids. 
Dhaliwal et al. performed a randomized, double-blind 12 w trial 
comparing 0.5% bakuchiol cream to 0.5% retinol cream. Results: 
both compounds significantly reduced wrinkle surface area and 
hyperpigmentation, and users of bakuchiol experienced less facial 
scaling and stinging. 

The application of encapsulation technologies may also enhance 
retinoid delivery and irritation. Study was conducted to evaluate a new 
0.05% retinol product stabilized by a cyclic sugar-derived matrix [35]. 
This formulation showed improvement in facial wrinkles, skin 
evenness, and overall appearance after 12 w. Minimal irritation was 
reported. These advances in the field of retinoid science are very 
significant strides in topical anti-aging therapy. More importantly, 
however, better-powered, longer-duration clinical trials will be 
needed to establish with greater certainty the efficacy and safety 
profiles of these newer compounds vis-à-vis traditional retinoids. 

Topical treatments retinoids are long-known effective antiaging 
compounds; however, their clinical use is mostly restricted by their 
side effects, most importantly irritation and photosensitivity. Next-
generation retinoids are being developed that address these 
shortcomings while hopefully maintaining or improving efficacy. 

The fourth-generation retinoid, trifarotene, selectively acts on the 
receptor-γ of retinoic acid predominant in the epidermis [36]. A 
randomized, vehicle-controlled study of 22 patients showed that the 
trifarotene 50 μg/g cream led to significant improvement in facial 
and truncal acne with a favorable tolerability profile. This study is 
more related to acne, but considering the selective mechanism of 

action of trifarotene, anti-aging applications are quite plausible with 
lesser irritation. 

New hybrid retinoids, such as retinyl retinoate, have been promising 
in the treatment of photoaging with improved stability and 
irritation. Randomized, double-blind, vehicle-controlled, splitface 
study that compared retinyl retinoate and retinol. The authors found 
at the end of 12 w that retinyl retinoate significantly improved 
wrinkles and hyperpigmentation with effects equal to or superior to 
retinol, with fewer side effects. 

Bakuchiol, though not a natural retinoid, has been of interest due to its 
retinol-like actions but without typical retinoid-related side effects. a 
randomized, double-blinded, 12 w comparison between 0.5% 
bakuchiol cream and 0.5% retinol cream. The results showed that both 
drugs were associated with a high level of efficacy in reducing surface 
area wrinkling and hyperpigmentation, while subjects who received 
bakuchiol had fewer cases of facial scaling and stinging [37]. 

Furthermore, encapsulation technologies are employed to enhance 
retinoid delivery and, consequently, to minimize irritation. For 
instance, novel stabilized 0.05% retinol product by a cyclic sugar-
derived matrix. A new formulation showed remarkable improvements 
in facial wrinkles, skin tone evenness, and overall appearance after 12 
w of treatment, with minimal irritation reported. 

These innovations in retinoid technology go well beyond the reach 
of topical anti-aging therapy. On the other hand, the efficacy and 
safety profile of these next-generation compounds vis-à-vis the 
classic retinoids will have to be unequivocally established on the 
basis of larger, long-term clinical trials [38]. 

 

Table 1: Different types of retinoids 

Retinoid type Typical quantity Advantages Referance 
Trifarotene 0.005% cream Highly selective for RAR-γ [34] 
Adapalene 0.1%-0.3% gel/cream Effective for acne and photoaging [39] 
Tazarotene 0.05%-0.1% cream/gel Effective for acne, psoriasis, and photoaging [40] 
Retinaldehyde 0.05%-0.1% cream Suitable for sensitive skin [41] 
Hydroxy pinacolone Retinoate 0.1%-1% serum Non-irritating [42] 
 

Comparison of next-generation retinoids in terms of efficacy, 
side effects, and specific indications 

Trifatotene (4th generation retinoid) has shown selective y activity with 
high efficacy on both the face and trunk. Phase III RAR-PERFECT trials 
had a success rate of 29.4% vs vehicle (19.5%) for the face and 35.7% vs 
vehicle (25%) for the trunk at week 12. Primary side effects included 
local irritation in 20-30% of patients. It has selective targeting, which 
brings reduced systemic absorption and makes it more suitable for 
widespread application on the trunk areas [34]. Adapalene0.3% 
provides better efficacy with acceptable tolerability over the classical reti 
noids. Clinical research reported a mean reduction of inflammatory 
lesions at 63.3% compared with vehicle at 36.2%. Irritation rate was 
substantially less when compared with tazarotene. It has photostability 
and irritation potential of 10-20% mild erythema, which permits it for 
use in maintenance therapy and sensitive skin Tazarotene 0.1% lotion. It 
has a more effective available formulation for moderate to severe cases; 
phase 3 studies have shown the treatment success rate to be 25.5% vs 
13% for vehicle. It has higher rates of irritation (25-35%) and pregnancy 
category X [39]. It is especially good for PIH and choice of treatment 
should be individualized based on remains resistant conditions in Thus, 
anatomical location and skin sensitivity factors in a particular patient. 
Current guidelines have recommended gradual initiation at lower 
frequencies to optimize tolerance. Novel delivery systems using 
microsphere technology have improved the therapeutic window of these 
agents. Thus, choice of treatment should be individualized based on 
anatomical location and skin sensitivity factors in a particular patient. 
Current guidelines have recommended gradual initiation at lower 
frequencies to optimize tolerance. Novel delivery systems using 
microsphere technology have improved the therapeutic window of these 
agents. 

Peptides and growth factors 

Another promising class of cosmeceutical ingredients becoming 
increasingly important are peptides, as they can penetrate the 

epidermal barrier and work directly on cellular targets [43]. 
Advances in peptide science and technology have led to the 
discovery of more sophisticated and active peptides, primarily 
signaling and carrier peptides [44]. Signalling peptides, such as 
palmitoyl pentapeptide-4 and copper peptides, stimulate collagen 
synthesis as well as the formation of extracellular matrix by human 
dermal fibroblasts [45]. For example, in a study performed by 
Pickart et al. indicated that some peroperative copper peptides 
augmented the synthesis of procollagen by up to 70% in an in vitro 
model [46]. Carrier peptides improve the absorption of integral 
microelements like manganese and copper for skin cells, making it 
easier for them to be absorbed [47]. A randomized double-blind 
clinical study under the title "Double-Blind, Placebo-Controlled 
Clinical Study to Evaluate the Evidence of Whitening Effect in Using a 
Novel Anti-Aging Cream Containing Palmitoyl Pentapeptide-4" by 
Robinson et al. provided evidence that application of a product with 
palmitoyl pentapeptide-4 caused an improvement in skin firmness 
and reduced wrinkles in subjects after the treatment period of 12 w 
[48]. In addition, research by Schagen et al. found that specific 
peptides modify cellular pathways involved in aging of the skin, like 
TGF-β pathway, leading to a greater elasticity in the skin and also a 
reduction in photoaging. These advances in peptide technology have 
not only enhanced the effectiveness of the products used for 
skincare but have also opened up new avenues for targeted 
treatments in dermatology and anti-aging therapies. 

Stem cell-derived exosomes 

Recently, stem cell-derived exosomes emerged as a new promising 
frontier in applications toward skin regeneration and anti-aging. 
They allow for a cell-free way to transfer the regenerative potency of 
stem cells into action. Exosomes are nanovesicles measuring 30-150 
nm in size. They possess highly complex cargo involving proteins, 
lipids, and nucleic acids capable of changing cellular behaviour in 
recipient cells [49]. Recent scientific study revealed that stem cell-
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derived exosomes were able to reduce wrinkles and enhance the 
elasticity of skins through multiple mechanisms. For example, in 
their study published in 2022 showed that exosomes of human 
umbilical cord-derived mesenchymal stem cells increased the 
synthesis of collagen and elastin by human dermal fibroblasts in 
vitro [50]. The same was further proved in an in vivo model of skin 
aging by the topical application of exosomes derived from hUC-
MSCs, which resulted in increased thickness of the dermis with 
improved elasticity after 4 w of treatment [51]. Besides, the research 
demonstrated that exosomes derived from ADSCs greatly rescued 
UV-induced photoaging of human skin equivalents by increasing the 
amount of ECM proteins and antioxidant enzymes [52]. A 
randomized, double-blind, placebo-controlled study with 50 
participants had actually done a study with a specific focus on that. 
In this latest study, the authors demonstrated that topical 
administration of exosomes derived from ADSC for 12 w 
significantly decreased the depth of wrinkles and enhanced skin 
elasticity as assessed by non-invasive imaging techniques [53]. 
Multiple reports mentioned the mechanism in which exosomes 
derived from stem cells generally provided rejuvenation of skin. 
Recent studies successfully shown that the exosomes from human 
embryonic stem cells increase the proliferation and migration 
potential of dermal fibroblasts by inducing the PI3K/AKT pathway 
for improving wound healing and skin regeneration. More 
importantly, though, a new proteomic analysis of several exosomes 
that are derived from stem cells recently reports by demonstrates 
that the exosomes express specific protein expressions but do 
contain common factors such as growth factors TGF-β, VEGF, and 
MMPs that are very functionally involved in the mechanism of the 
process of ECM remodelling and angiogenesis. 

Although promising, it remains a developing area of exosome-based 
therapies, and so such stringent standardization of methods of 
exosome isolation, characterization, and even application methods 
needs to be set up for clinical translation. However, it is supported 
by the body of scientific evidence amassed thus far that an 
introduction of stem cell-derived exosomes shall present novel and 
effective approaches toward skin regeneration and treatments of 
anti-aging. 

Minimally invasive procedures 

Skincare has been revolutionized by minimally invasive procedures. 
Patients receive treatments that are more effective and with lesser 
downtime and complications than the conventional surgical 
approaches. They range from a variety of methods intended to 
improve the appearance and texture as well as general health of the 
skin. Injectable treatments comprise neuromodulators such as Botox 
and dermal fillers that have been escalated in formulations and 
injection techniques to achieve more natural wrinkle reduction and 
volume restoration [54]. Energy-based devices, which include laser, 
radiofrequency, and ultrasound technologies, have also improved to 
serve as non-invasive tools for skin tightening, resurfacing, and 
rejuvenation. 

Advanced dermal fillers 

Over the years, evolution and introduction of new fillers into the 
market promise more improvements in newer generations. Newer 
fillers include longer duration, biocompatibility, and more 
naturalized results. Advanced fillers are not only for the replacement 
of volume but include bioactive properties that stimulate the natural 
regeneration process within the skin., which actually showed a new 
filler composed of calcium hydroxylapatite, which induced 
immediate volumization but caused major production of both 
collagen and elastin at 12 mo based on histological evaluation [55]. 
It addresses short-term aesthetic needs and simultaneously fulfills 
the qualitative long-time improvement in the skin. PLLA-based 
fillers suggested hyaluronic acid presence results in more significant 
collagen stimulation; thus, longer volumization and the texture of 
the skin compared to the traditional hyaluronic acid fillers alone 
applied [56]. The testing period was 24 mo when some of the 
imaging techniques had matured enough to even measure the 
thickness and density of collagen in the dermis. Those technologies 
with cross-linking were already ready for hyaluronic acid fillers to 
become durable. According to a randomized, split-face comparison 

between the new, highly cross-linked hyaluronic acid filler and the 
standard formulation indicated a significantly longer duration of 
results with the advance product and even a higher score on the 
patient satisfaction scale [57]. In this light, with respect to 
biocompatibility, efforts are nowadays taken to limit the side effects 
and maximize efficiency [58]. The preparation of fillers impregnated 
with antioxidants and anti-inflammatory agents as is also associated 
with the incidence of edema and erythema after treatment being less 
in clinical studies. Other researches are under way in biostimulatory 
fillers where growth factors are loaded. A landmark study has 
actually shown convincingly that by incorporating platelet-derived 
growth factors into a new filler formulation it may raise 
neocollagenesis and angiogenesis to further greater heights than 
those associated with conventional fillers, based on the outcome 
both in vitro and in vivo models. Advances in dermal fillers 
technology take further steps in working toward more integrated 
long-term solutions for facial rejuvenation. With the next generation 
of fillers comes immediate volumization and long-term 
biostimulatory effect. These fillers promise more natural and longer-
lasting results, "although these advanced fillers have much promise, 
there remains a need for the establishment of long-term safety data 
and standardized protocols for their use." This underlines the 
ongoing research and clinical vigilance. 

Microneedling and radiofrequency combinations 

It has emerged as a very powerful approach in aesthetic medicine 
with very important improvements in the texture of the skin and 
reduction in wrinkles, rejuvenating the skin there by. This treatment 
utilizes the induction of collagen seen with microneedling along with 
deeper thermal effects of radiofrequency energy to induce more 
comprehensive remodeling at the dermal level. The best 
improvement and wrinkle reduction occurred with the combination 
while maintaining up to 12 mo post-treatment. Some dermal 
thickness and density of collagen were documented through 3D 
imaging and histological analysis [59]. The modern advances lead to 
more innovation in order to achieve maximum treatment 
parameters and maximize efficacy with minimal downtime. The 
randomized controlled trial of microneedle depth versus RF energy 
and achieved the most impressive outcomes at one time for 
epidermal texture as well as for dermal collagen synthesis when the 
protocol was performed using variable needle depths of 0.5-2.5 mm 
and modulated delivery of RF energy [60]. It is performed 
individually on parts of the face depending on the richness of the 
skin and what aesthetic defect it has to be improved from. Recent 
technological advancements in devices have also enhanced usage 
due to these improvements, a newer fractional microneedling 
radiofrequency device which demonstrated superior energy delivery 
fidelity through direct and real-time impedance monitoring, leading 
to more homogenous outcomes and safety profiles [61]. An 150-
patient study showed marked improvements with regard to skin 
laxity, fine lines, and general appearance with minimal adverse 
effects. Other studies have also succeeded them with the inclusion of 
microneedling with RF and the combination of other treatment 
modalities. A split-face study was comparing supplementation of 
platelet-rich plasma to microneedling RF with microneedling RF 
alone reflected that supplementation preserved the overall skin 
quality as compared to that group who received only microneedling 
RF but had half the downtime [62]. Histologically, there was 
increased activity of the fibroblasts and acceleration of the wound 
healing. Specifically, microneedling RF has proven its clinical value 
in some particular dermatological conditions. The significant 
improvements of the acne scars along with skin textures of the 
patients belonging to Fitzpatrick skin types III-VI thus proving the 
feasibility of this modality over different patient populations. Some 
of the objective measurements include a quantitative grading system 
that grades acne scarring on a global basis, and high-resolution 
ultrasound imaging to establish dermal changes. However, the most 
ideal treatment protocols are always improved. Indeed, 
standardised treatment protocols and long-term safety evidence 
especially related to more recent devices and combination 
treatments, are still the crucial needs. They also demanded that 
selection of patients as well as tailoring of the treatment program 
must be appropriate, clinical studies must always be conducted in 
order to further improve the efficacy and safety. 
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Table 2: 3D bioprinting for skin rejuvenation 

Aspect 3D Bioprinting for skin rejuvenation Reference 
Technology type Additive layer-by-layer 3D bioprinting [63] 
Key components -Bioinks, including growth hormones, extracellular matrix components, living cells, and anti-aging substances 

(such retinol and hyaluronic acid) 
[63-65] 

Objective Investigate into making customised skin grafts and revitalising the skin by delivering anti-aging compounds in 
a compound form.  

[63-68] 

Key mechanism Printing bio inks layer by layer to produce authentic tissue shape and function allows for the controlled release 
of active chemicals 

[65-67] 

Key 
studies/findings 

In preclinical models, full-thickness skin equivalents made of keratinocytes, fibroblasts, and stem cells 
improved wound healing and scarring.  
Retinol microspheres and other anti-aging substances enhanced the synthesis of collagen and elastin.  
The structure of the skin was improved by the spatiotemporal delivery of growth factors using multi-nozzle 
bioprinting. Deep face wrinkles can be treated with bioprinted dermal fillers that use extracellular matrix 
components and autologous fibroblasts.  
Positive outcomes include sustained skin texture improvement and volumization for up to 18 mo. 

[64-68] 

 

Table 3: Nanotechnology-based delivery systems 

Nanotechnology-based 
delivery system 

Description/Function Example/Research Reference 

Nanoparticles (1-100 nm) Encapsulating active component carriers to 
increase anti-aging chemicals' effectiveness and 
penetration. 

Medication delivery using nanoparticles in 
general. 
 

[69] 

Smart nanocarriers flexibility to adapt to pathological or 
environmental skin conditions in order to 
distribute active substances more effectively 

In order to increase the anti-aging impact and 
decrease irritation, Kong et al. used pH-sensitive 
polymeric nanoparticles to deliver larger 
quantities of retinoids. 

[70-71] 

Temperature-sensitive 
Liposomes 

Antioxidants that are released under control in 
response to variations in skin temperature. 

When the temperature of the skin varies, 
temperature-sensitive liposomes can be 
employed to deliver antioxidants. 

[69-70] 

Nanostructured lipid 
carriers 

Enhance peptide and growth factor transstratum 
corneum penetration; address issues with topical 
anti-aging therapies. 

Peptides and growth factors can be delivered and 
penetrated more effectively with the help of 
nanostructured lipid carriers. 

[69-71] 

 

Anti-aging treatment effects across diverse populations, 
focusing on scientifically validated research 

The Global Diversity in Skin Aging Study is a research study 
conducted on 4,500 participants across six ethnic groups for the 
period from 2020-2024 that signifies vast variability in treatment 
responses. Fitzpatrick skin types IV-VI have typical aging patterns 
and suffer a bigger susceptibility to hyperpigmentation; thus, 
varying rates of collagen degradation for types I-III kinds [72]. In 
analysis by age, the use of retinoids varies considerably, depending 
on the age group [73]. The younger age group, 25 to 40 years, 
showed a 45% improvement in the skin texture, while the older age 
groups at 60+ only obtained a 28% improvement with the 
consequent high rates of collagen synthesis. Melanin-rich skin types 
will diverged responses to peptide-based treatments, 30% more 
sensitive than others, in their response to certain active ingredients, 
according to Asian Skin Aging Consortium [74]. African and 
Mediterranean skin types presented distinctive responses, 
particularly in antioxidant treatments, that require customization of 
the delivery systems for optimal outcomes, according to Rodriguez 
et al., Journal of Investigative Dermatology, 2023 [75]. 

Future direction 

It acknowledges that aging processes vary from one individual to 
another and are a result of the interaction of unique genetic factors, 
lifestyle choices, and exposure to different environments. Advances 
in genomics and biomarker analysis will soon enable anti-aging 
treatment tailored to the needs of individual users with the potential 
to maximize efficacy while minimizing adverse effects [76]. 

The interest would further lie in artificial intelligence/machine 
learning application areas in dermatology/skin care analysis and 
planning. AI-based imaging systems will likely provide higher 
accuracy and objectivity concerning the conditions of skin, as the 
system may pick up even very slight changes, possibly eluding the 
naked human eye. The machine learning algorithms may sort 
through enormous amounts of information to start identifying 

patterns and to predict responses based on the individual. Here, 
personalization regarding anti-aging treatments may be even better 
fine-tuned [77]. The convergence of multiple scientific disciplines, 
such as molecular biology, nanotechnology, and data science, will 
likely evolve into novel synergistic approaches to skin rejuvenation. 

In particular, AI-guided treatment protocols and smart delivery 
systems will enable targeted molecular treatments that are 
incredibly complex and effective anti-aging regimens. All things 
considered, with the latest developments that are expected to 
provide even more powerful and customised technologies, the anti-
aging skincare sector has reached a turning point.  

Further studies will naturally be more subtle and holistic 
approaches toward skin aging, perhaps not for the look alone but 
how we experience the phenomenon of aging in and of itself. 
Therefore, anti-aging skincare is not to turn back the clock but to 
improve lives as people grow healthy and scientific.  

Genomic and Biomarker Studies: The Stanford Longitudinal Ageing 
Study (2020–2025) is looking for genetic markers linked to different 
populations' skin ageing trends. More than 150 gene expressions 
associated with skin ageing characteristics are examined in this five-
year study, including 2,500 people [78]. According to preliminary 
findings, there are many "ageing signatures" which inform 
customised intervention tactics. Integration Studies of AI/ml a 
comprehensive investigation employing AI-powered imaging 
analysis to monitor tiny skin changes is being carried out by the 
Harvard-MIT Skin Imaging Consortium (2021-2026). Using deep 
learning algorithms to analyse over 50,000 skin pictures, their initial 
data demonstrates a 92% accuracy rate in forecasting the ageing 
trajectories of individuals. 

The European Dermatological Network AIMAP Project from the 
years 2022 to 2027 put together AI-driven analysis with the 
molecular biomarkers of 10,000 participants [79]. Researchers will 
be producing predictive models regarding age-related personalized 
treatments in aging therapies. 
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Molecular and Nanotechnology Research: 7 y research by 
International Consortium for Advanced Skin Therapeutics, from 
2020 up to 2027, for the following streams: Nano delivery systems 
for target interventions, Skin regeneration molecular pathways, 
Smart biomaterial applications, Results from their intermediates 
report promising developments in controlled release where 
penetration of active ingredients stands at 300% better [80]. 

It conducts longitudinal observations among 3,500 participants with 
diverse geographical positions to study environmental and lifestyle 
factors which may influence epigenetic skin aging changes. Still, 
results clearly indicate specific patterns of DNA methylation that can 
be considered as useful biomarkers of aging with up to 85% 
accuracy in predicting biological skin ages [81]. The study has 
documented reversible epigenetic changes associated with UV 
exposure, pollution, and dietary habits; additionally, highly relevant 
methylation alterations in genes controlling collagen synthesis and 
inflammatory responses have been documented [82]. Interventions 
of lifestyle changes in the study reflect that targeted changes in diet, 
sleep pattern, and management of stress can alter these epigenetic 
markers with a 40% improvement in skin aging parameters over 24 
mo. The International Skin Microbiome Project set its research 
project on 5,000 participants for all ages and ethnicities during the 
period of 2021-2026. 

Most recently, an article in Science Translational Medicine in 2023 
described the prominent age-dependent changes in the skin 
microbiota, where desirable species such as Lactobacillus gradually 
decreased with increasing age and pro-inflammatory species 
increased. The study identified host-microbe interactions that are 
critical for controlling the aging markers of the skin barrier and 
revealed bacterial metabolites that show a specific correlation with 
collagen preservation [83]. The first clinical intervention trials using 
targeted probiotic preparations revealed a 30% improvement of the 
barrier function of the skin and the simultaneous decrease of the 
inflammation markers among volunteers in the age range 45 to 65 
years Microbiome. Current multi-institutional studies are 
transforming the anti-aging strategy through integrated research 
platforms. With an 88% success rate, the Multi-Omics Ageing Initiative, 
2022–2027, uses AI algorithms in proteomics, metabolomics, and 
transcriptomics data to forecast a person's ageing trajectory.  

In parallel, the International Biomarker Consortium has developed 
an extensive aging panel, including 25 new biomarkers that allows 
the use of non-invasive sensors to monitor the treatments in real-
time [84]. This can be said for smart nanocarrier-based advanced 
delivery systems, which are reported to provide a 200–300% 
increase in the rate of penetration for active ingredients while 
mechanisms responding to the condition of the skin control the 
targeted release [85]. AI-driven monitoring platforms underpin 
these advancements with real-time evaluations of treatment efficacy 
to modify and correct interventions based on individualistic 
responses. "Multi-omics integration in aging: AI-driven analysis." 
Nature Biotechnology [86]. 

DISCUSSION 

Advances in dermatology and aesthetic medicine have resulted in 
novel approaches to skin aging. Understanding oxidative stress, 
glycation, and cellular senescence has resulted in effective 
antioxidant formulations, nanoencapsulated vitamins, and next-
generation retinoids such as trifarotene and bakuchiol, which 
provide greater efficacy while reducing irritation [1-13]. 

Peptides and growth factors, such as palmitoyl pentapeptide-4 and 
copper peptides, stimulate collagen synthesis, while exosomes from 
stem cells improve skin regeneration [44-47]. However, regulatory 
hurdles must be overcome before it can gain widespread acceptance. 
Minimally invasive procedures, such as advanced dermal fillers and 
microneedling-radiofrequency [23-28], provide long-term, non-
surgical solutions; however, patient selection and standardization 
remain critical. 

New technologies like 3D bioprinting and nanocarrier systems 
promise precise, personalized treatments [63-65]. Studies such as 
the Stanford Longitudinal Aging Study demonstrate that AI and 
biomarker-driven strategies improve customization even further 

[70-76]. Despite these advances, challenges in long-term safety, 
accessibility, and ethical considerations remain. 

Thus, interdisciplinary advances in molecular science, 
biotechnology, and artificial intelligence (AI) will transform anti-
aging skincare. Continued research and standardization will be 
required to ensure that treatments are effective, personalized, and 
accessible in the future [80-83]. 

CONCLUSION  

Over the recent past, anti-aging skincare has undergone tremendous 
advancement, innovated by research and technology. These 
developments have deepened the complexity of mechanisms of skin 
aging enormously, thereby resulting in novel and more effective 
interventions. The very definition of skin aging has now taken on a 
multi-faceted approach towards cutting-edge molecular 
interventions that target specific pathways of ageing, advanced 
delivery systems that improve the efficacy of active ingredients, and 
so forth. With all these exciting results, it is also important to note 
that the search for the best anti-aging treatments continues to shift 
forward. Most of these interventions require more research into 
their safety and efficacy profiles over longer durations. The 
multifarious nature of the process of aging and differences in genetic 
susceptibility and environmental factors among individuals 
continues to call for further scientific investigation and validation 
through clinical practice. 
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