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Abstract. This paper systematically reviews the synthesis methods of retinol (Vitamin A) and its
derivatives, along with their applications in skincare and pharmaceuticals. By examining traditional
chemical synthesis pathways such as the Roche, BASF, and Rhone-Poulenc routes, as well as
modern biological synthesis pathways, the paper highlights the advantages and limitations of each
method, particularly in terms of improving synthesis efficiency, reducing production costs, and
minimizing environmental impact. The paper also analyzes the application of retinol derivatives in
skincare, including their roles in anti-aging, skin barrier repair, skin whitening, and even tone.
Additionally, the paper discusses methods to enhance the stability and bioactivity of retinol. Future
directions include further innovation in synthesis techniques, the development of new derivatives,
and new pharmaceutical applications of retinol. The paper concludes that retinol and its derivatives
hold great promise in the beauty and health sectors, though further research is needed to overcome
current challenges and promote wider application.
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1. Introduction

Retinol, also known as Vitamin A1, is a fat-soluble vitamin first identified by American scientists
Elmer McCollum and Thomas Osborne in 1913. This vitamin is characterized by its unique chemical
structure, which includes a B-ionone ring and a long-chain unsaturated side chain, with a hydroxyl
group connected to the 15th carbon atom. This molecular structure enables retinol to play diverse
physiological roles in the body, including its crucial function in the visual system, regulation of cell
growth and differentiation, enhancement of immunity, and maintenance of skin and bone health [1].

Retinol's applications in skincare and medicine are particularly extensive. It is a key component in
the synthesis of rhodopsin, essential for night vision and dark adaptation. A deficiency in retinol can
lead to night blindness and other vision problems [2]. Additionally, retinol regulates gene expression
and the cell cycle, promoting normal cell differentiation and proliferation, supporting embryonic
development, and tissue repair. It also plays a role in regulating the growth and keratinization of skin
cells, maintaining the skin barrier function, reducing dryness and roughness, and promoting skin
repair and regeneration [3]. Moreover, retinol contributes to enhancing immune function and
supporting bone health [4]. Due to these significant biological functions, retinol and its derivatives
have become focal points of research in skincare and pharmaceuticals.

Despite the extensive research on retinol, unresolved issues remain regarding its synthesis
pathways, derivative development, and stability and safety in practical applications. Current research
focuses on improving synthesis efficiency, reducing production costs, and developing stable, less
irritating retinol derivatives to meet market demands. Therefore, this study aims to review the existing
synthesis methods of retinol and its derivatives, explore their practical applications in skincare and
pharmaceuticals, and propose potential directions for future research.

The objectives of this paper include the following: first, to comprehensively summarize the main
synthesis pathways of retinol, covering both traditional chemical and modern biological synthesis
methods; second, to analyze the development of retinol derivatives and their applications in skincare
and medicine; and third, to discuss the limitations of current synthesis technologies and propose
potential research directions for further development in this field.
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2. Synthesis Pathways of Retinol

2.1. Chemical Synthesis Pathways

Since the mid-20th century, retinol has been synthesized using several classic routes, with the
Wittig reaction being the most widely applied method. Through the Wittig reaction, 3-ionone reacts
with phosphonium salts to produce retinol, a method favored for its readily available raw materials,
low cost, and high yield. Additionally, the Wittig reaction is environmentally friendly, reducing the
use of harmful chemicals and thus minimizing the environmental impact of production. However, the
Wittig reaction also faces challenges, such as handling intermediate products and purifying the final
product. Building on this, alternative methods such as the Julia and Horner-Wadsworth-Emmons
reactions have been widely studied. The Julia reaction uses thioalkylation as an intermediate step to
produce retinol, showing excellent selectivity and yield. The Horner-Wadsworth-Emmons reaction,
which involves reacting phosphonate compounds with aldehydes or ketones to produce alkenes, has
also been widely applied in retinol synthesis due to its mild conditions and high stereoselectivity [5].

2.2. Modern Chemical Synthesis Pathways

With advances in chemical synthesis technology, flow chemistry has become an important
technique in retinol synthesis. Flow chemistry, which utilizes microchannels or small reactors under
precisely controlled conditions, significantly improves reaction efficiency and safety. Compared to
traditional batch synthesis, flow chemistry reduces reaction time and energy consumption, as well as
waste generation. Flow chemistry can also integrate multi-step reactions, simplifying synthesis
processes and reducing the difficulty of separating and purifying intermediates [6]. This technology
is particularly suitable for multi-step synthesis and sensitive chemical transformations of retinol,
effectively enhancing synthesis efficiency and product quality. In addition, modern synthesis
techniques include the use of advanced catalysts and novel solvent systems, further improving retinol
synthesis efficiency. For example, using nanocatalysts or ionic liquids as reaction media can achieve
efficient chemical transformations under milder conditions, reduce by-product formation, and
increase product purity. These combined technologies not only optimize the retinol synthesis process
but also provide more possibilities for green chemistry practices [7].

2.3. Biological Synthesis Pathways

Biological synthesis pathways are becoming an important direction for retinol production.
Through genetic engineering, microorganisms such as Escherichia coli and Saccharomyces cerevisiae
are engineered to efficiently produce retinol or its precursors. Advances in synthetic biology enable
researchers to design more efficient biosynthetic pathways, such as constructing engineered strains
that can directly synthesize retinol by introducing the f-carotene synthesis pathway and key enzyme
genes. This method not only reduces dependence on petrochemical raw materials but also lowers the
environmental burden of production [8]. Additionally, extracting retinol from natural resources is
another important biosynthesis strategy. Although extracting retinol from animal tissues is costly and
complex, optimizing fermentation and extraction conditions makes microbial synthesis a more
sustainable alternative. This method can significantly increase yield while reducing impurity
formation through optimized fermentation processes, thus improving product purity and quality [9].

Future research will focus on further optimizing these synthesis pathways to increase yield, reduce
costs, and develop more environmentally friendly processes to meet the growing market demand. By
combining the advantages of chemical and biological synthesis, it is expected that more efficient and
economical methods of retinol production will be developed, promoting its widespread application in
pharmaceuticals and cosmetics.
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3. Development of Retinol Derivatives

Retinol’s wide range of applications extends beyond its original form, involving the development
and use of various derivatives. These derivatives exhibit unique bioactivities and applications in
cosmetics and pharmaceuticals. Due to limitations in retinol’s application, such as photosensitivity,
instability, and potential skin irritation, researchers are synthesizing different retinol derivatives to
overcome these issues and enhance its effectiveness in specific areas.

3.1. Retinal

Retinal, also known as Vitamin A aldehyde, is the aldehyde form of retinol and is a major
metabolite with significant bioactivity. In skincare, retinal is noted for its lower irritation and higher
anti-aging efficacy. Retinal can be converted to retinoic acid in the skin, regulating cell proliferation
and differentiation. However, retinal is chemically unstable and prone to degradation when exposed
to light and air, making stabilizing retinal for practical applications a key area of research [10].
Scientists are developing various methods to stabilize retinal, such as encapsulating it in microspheres
or liposomes to reduce its exposure to environmental factors and prolong its activity. Additionally,
chemical modifications or combining retinal with other active ingredients may further enhance its
efficacy and stability, making it more promising for anti-aging skincare products.

3.2. Retinoic Acid

Retinoic acid is the active form of retinol, directly involved in regulating gene expression and
plays a vital role in cell growth, differentiation, and tissue repair. As a treatment for acne and
photodamage, retinoic acid is widely used in dermatology. However, its potency also comes with a
high potential for skin irritation and side effects, limiting its use in everyday skincare products. To
address these issues, researchers have developed various retinoic acid derivatives, such as all-trans
retinoic acid (tretinoin) and 13-cis retinoic acid (isotretinoin), to reduce irritation and increase skin
tolerance [11]. Additionally, novel retinoic acid-like molecules are being designed and tested to retain
or enhance retinoic acid's therapeutic effects while minimizing side effects. These derivatives offer
more options for safe and effective skin treatments.

3.3. Retinyl Esters

Retinyl esters are esterified forms of retinol with fatty acids, such as retinyl palmitate, retinyl
linoleate, and retinyl acetate. These esterified retinol forms are popular in cosmetics because they are
generally more stable and less irritating than retinol itself [12]. Retinyl esters gradually release retinol
in the skin, which is then further converted into retinoic acid to exert its biological activity. Due to
their mild action, these derivatives are well-suited for long-term care products like anti-aging lotions
and serums. The development of retinyl esters not only expands retinol's applications in skincare but
also provides effective solutions to the instability and irritation issues associated with retinol [13].

3.4. Other Retinol Derivatives

In addition to retinal, retinoic acid, and retinyl esters, scientists have developed other types of
retinol derivatives to achieve more desirable properties. For example, conjugated molecules
combining retinol with other antioxidants or anti-inflammatory agents can protect the skin while
enhancing retinol's anti-aging effects [14]. Moreover, through molecular modifications, new retinol
derivatives that better penetrate the skin and gradually release retinol over time have become a focus
of recent research.

These new derivatives not only show great potential in cosmetics but may also offer new options
for treating skin diseases in the pharmaceutical field. These advances highlight the broad prospects
of retinol derivative development and provide important directions for future research.
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3.5. Market Applications and Prospects

The application of retinol and its derivatives in the skincare market is rapidly expanding, driven
by increasing consumer demand for anti-aging products. As technology advances, particularly in
improving product stability and reducing side effects, retinol and its derivatives are expected to play
an increasingly important role in the global skincare and pharmaceutical markets. Overall, the
development of retinol derivatives not only enriches the variety of skincare and pharmaceutical
products but also overcomes some of the limitations of original retinol. As research deepens, these
derivatives will continue to play a key role in the beauty and health industries.

4. Applications of Retinol and Its Derivatives in Skincare

Retinol and its derivatives are widely used in skincare products due to their excellent bioactivity,
improving skin health and appearance. Below are their applications in anti-aging, skin barrier repair,
skin whitening, even tone, formulation technology, and stability.

4.1. Anti-Aging Effects

Since the FDA approved retinol for use in anti-aging cosmetics in 1996, it has been widely applied
in skincare. Retinol stimulates fibroblasts to synthesize collagen and inhibits matrix metalloproteinase
activity while promoting the synthesis of tissue inhibitors of metalloproteinases, preventing collagen
fiber breakdown and increasing skin elasticity [15]. Studies have shown that using 0.1% retinol cream
effectively improves the appearance of photodamaged skin, reducing fine lines and wrinkles and
enhancing skin firmness and elasticity. Long-term studies have further found that continuous use of
retinol products for one year can result in sustained improvement in signs of skin aging [16].

4.2. SKin Barrier Repair

Retinol compounds are lipophilic molecules capable of penetrating the stratum corneum and
reaching the epidermis, with some even penetrating the dermis, effectively repairing the skin barrier
and improving skin smoothness. Retinoids influence transcription factors and growth factor secretion,
stimulating the proliferation of basal epidermal cells, enhancing the skin’s protective function, and
reducing transepidermal water loss [17]. Additionally, retinol promotes the expression of hyaluronic
acid in skin cells, increasing skin elasticity. An experiment showed that using a 0.4% retinol lotion
for 24 weeks significantly improved skin roughness in participants [18]. This further demonstrates
the effectiveness of retinol in repairing the skin barrier and improving skin texture.

4.3. Skin Whitening and Even Tone Effects

Retinol and its derivatives also show significant effects on skin whitening and even tone.
Experimental studies have found that retinol can inhibit tyrosinase activity in the B16 melanoma cell
model and reduce melanin transport, thereby decreasing melanin content in cells and making skin
pigmentation more uniform [19]. Clinical trials further indicate that retinoids can even out skin tone,
reduce hyperpigmentation, diminish spots, and help distribute melanin evenly. Using a 0.1% retinol
moisturizer significantly improved spotted hyperpigmentation, making the skin tone more uniform
[16].

4.4. Stability and Formulation Technology

Although retinol and its derivatives have significant effects in skincare, their stability is poor,
easily degrading under light exposure, temperature changes, acidic environments, or contact with
other chemicals, thus affecting their activity and efficacy [20]. In cosmetic development, retinol's
shelf life is extended by selecting appropriate packaging materials, reducing exposure to air and light,
and using strict sealing measures during production. However, simply adding sunscreens or light
blockers is limited; studies have shown that adding yellow pigments that absorb blue light can
significantly enhance retinol's stability [21]. As retinol and retinyl esters degrade over time and are
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sensitive to light, temperature, heavy metals, and acids, further improving their stability and
bioactivity remains a key focus in skincare formulation research.

5. Future Development Directions

5.1. Innovation in Synthesis Techniques

Since O. Isler and his colleagues at Roche completed the total synthesis of all-trans Vitamin A
acetate using B-ionone as a raw material in 1947, Vitamin A synthesis technology has continued to
evolve. Roche first achieved the industrial production of Vitamin A acetate in 1948, and in 1971,
BASF advanced the industrialization of Vitamin A through the Wittig reaction [22]. By 1991, Roche,
BASF, and Rhone-Poulenc produced 3,000 tons annually. Today, German company BASF and Dutch
company DSM account for 60% of global Vitamin A production.

In recent years, optimizing the acetylation of Vitamin A intermediates catalyzed by Aspergillus
oryzae WZ007 cells has made the Roche synthesis pathway more economical and environmentally
friendly, further reducing Vitamin A synthesis costs [23]. Moreover, numerous studies aim to
optimize the synthesis pathways of retinol intermediates and the overall synthesis process, striving to
increase yields while achieving more environmentally friendly and efficient production. These
innovations provide more economical and sustainable solutions for the production of Vitamin A and
its derivatives and help meet the growing market demand.

5.2. New Applications of Retinol in Medicine

Retinol's new applications in medicine also show great promise. Research indicates that retinol
positively affects human umbilical cord mesenchymal stem cells (UCMSCs), promoting the
production of epidermal growth factor (EGF), stem cell factor (SCF), colony-stimulating factor 1
(CSF1), and leukemia inhibitory factor (LIF), which are directly related to the self-renewal and
differentiation of hematopoietic stem cells and male germ cells, as well as nerve regeneration. In
addition, retinol derivative development aims to improve stability, controlled release, and
functionality, with commercialization expected by 2024.

Research on supramolecular retinol also shows potential. Supramolecular technology prepares
retinol-active compound nanocarriers, increasing transdermal absorption and reducing retinol's
irritation through controlled release while enhancing its anti-wrinkle effects. These new applications
and research advancements suggest that retinol will have significant economic value and investment
potential in the pharmaceutical field. As technology advances, retinol and its derivatives will play an
increasingly important role in drug development and clinical treatment [24].

6. Conclusion

This paper comprehensively reviews the synthesis pathways, practical applications, and future
development directions of retinol and its derivatives. Through an analysis of existing literature and
research findings, we explored the chemical and biological synthesis methods of retinol, provided a
detailed overview of its broad applications in skincare and medicine, and highlighted the challenges
and opportunities related to stability, efficacy, and safety. In terms of synthesis, traditional Roche,
BASF, and Rhone-Poulenc routes still dominate. These pathways have been widely applied in
industrial production, particularly by Roche and BASF. However, these methods still face challenges
in actual production, particularly concerning yield and environmental pollution, especially in waste
treatment.

With the rapid development of biotechnology, new microbial synthesis pathways have emerged,
such as using lipase from Aspergillus oryzae to synthesize Vitamin A derivatives or employing
engineered yeast cells to synthesize retinol derivatives from xylose. These biological synthesis
techniques not only reduce production costs but also significantly decrease pollutant emissions,
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embodying the principles of green chemistry and providing more environmentally friendly and
sustainable solutions for retinol production.

Retinol and its derivatives have demonstrated significant commercial and medical value in various
fields. In the daily chemical industry, retinol has been widely used in cosmetic, skincare, and health
supplement industries, especially in anti-aging, skin texture improvement, and skin tone evenness.
Additionally, retinol also plays an important role in medicine, such as maintaining normal vision,
promoting growth and development, enhancing immunity, protecting mucosal health, and
maintaining reproductive function. Despite this, retinol and its derivatives' applications also come
with certain risks and challenges, particularly regarding potential adverse reactions and irritations
during use, which require further research and optimization.

Future research should continue to explore the biological mechanisms and practical applications
of retinol and its derivatives. Although retinoids have been widely studied over the past few decades,
many mechanisms have not been fully elucidated, especially at the histological and molecular levels
in the skin. Current research indicates that retinol and its derivatives have great potential in anti-aging,
and future studies should focus on their specific roles in skin repair, antioxidation, and cellular
metabolism. Additionally, developing new retinol derivatives, optimizing existing synthesis
pathways, and exploring their potential applications in other medical fields will pave the way for the
comprehensive application of retinol. These efforts will not only advance scientific development but
also bring safer and more effective products to market, contributing more significantly to human
health and beauty.
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