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This review discusses the current research progress in molecular farming technology in the
field of skincare, with an emphasis on molecular farming expression strategies. The
strategies of transdermal drug delivery and their advantages are also highlighted. The
expression of cosmetically relevant fused proteins has become an important way to
enhance the efficacy of the proteins. Therefore, we also discuss the feasibility and
strategies for expressing fusion proteins in A. thaliana , specifically the fusion of EGF to a
cell-penetrating peptide (CPP), in which the production can be greatly enhanced via plant
expression systems since these systems offer higher biosecurity, flexibility, and
expansibility than the traditional expression system. While the fusion of EGF to CCP can
enhance its transdermal ability, the effects of the fusion protein on skin repair, melasma,
whitening, and anti-aging are poorly explored.Beyond this, fusing proteins with
transdermal peptides presents multiple possibilities for the development of tissue repair
and regeneration therapeutics, as well as cosmetics and beauty products. As certain plant
extracts are known to contain proteins beneficial for skin health, the expression of these
proteins in plant systems will better maintain their integrity and biological activities,
thereby facilitating the development of more effective skincare products.
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ABSTRACT16

This review discusses the current research progress in molecular farming technology in the field of

skincare, with an emphasis on molecular farming expression strategies. The strategies of transdermal

drug delivery and their advantages are also highlighted. The expression of cosmetically relevant fused

proteins has become an important way to enhance the efficacy of the proteins. Therefore, we also discuss

the feasibility and strategies for expressing fusion proteins in A. thaliana , specifically the fusion of EGF to

a cell-penetrating peptide (CPP), in which the production can be greatly enhanced via plant expression

systems since these systems offer higher biosecurity, flexibility, and expansibility than the traditional

expression system. While the fusion of EGF to CCP can enhance its transdermal ability, the effects of the

fusion protein on skin repair, melasma, whitening, and anti-aging are poorly explored.Beyond this, fusing

proteins with transdermal peptides presents multiple possibilities for the development of tissue repair

and regeneration therapeutics, as well as cosmetics and beauty products. As certain plant extracts are

known to contain proteins beneficial for skin health, the expression of these proteins in plant systems

will better maintain their integrity and biological activities, thereby facilitating the development of more

effective skincare products.
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MOLECULAR FARMING FOR SKINCARE RESEARCH31

Molecular farming is an interdisciplinary subject of agronomy, engineering, and medicine, as it can be32

widely used in industry, environmental protection, and health industries. Molecular farming, also known as33

a plant bioreactor, utilizes gene editing technology to enable the expression of pharmacologically important34

proteins in plant models(Kowalczyk et al., 2022).There are three types of transformation: The target35

gene in the plant expression vector is transformed into the plant genome by Agrobacterium tumefaciens36

to yield a stable heredity, called stable nuclear transformation. Alternatively, transient expressions37

based on agroinfiltration or virus-based vectors have been developed to complement transgenic plants38

that offer rapid and high-level protein expression within a few days. Alternately, the target gene was39

inserted into the chloroplast genome, and the foreign protein was expressed in the chloroplast(Krenek40

et al., 2015)(Liu et al., 2023)(Shanmugaraj et al., 2020).Owing to its advantages and rapid development,41

molecular farming has attracted global attention from researchers and industries, including skincare42

research and industry(Shanmugaraj et al., 2020).Advances in biotechnology have led to the establishment43

of efficient plant expression systems, most of which have been extensively studied. Currently, plants44

such as Nicotiana tabacum L, Brassica napus, Solanum tuberosum L, Solanum lycopersicum L, Glycine45
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max, Arabidopsis thaliana (L.), Zea mays L, and Oryza sativa seeds have been used to express foreign46

recombinant proteins, thus earning plant bioreactors the name “chemical factories.” Recent use of plant47

bioreactors hinges on the expression of biological agents with potential commercial value, such as48

vaccine antigens, antibodies, nutritional supplements, and industrial enzymes(Kumar et al., 2022)(Yang49

et al., 2021). With the commercialization of the recombinant glucosidase drug, the first commercialized50

bioactive agent expressed in plant cells for the treatment of Gaucher’s disease, it is safe to say that the51

use of plant bioreactors has entered a new era(Kowalczyk et al., 2022).Other proteins that have been52

expressed in plant bioreactors include human serum albumin (HAS), expressed in O. sativa. Using53

crystallography, the plant bioreactor-expressed HAS was confirmed to be structurally similar to the plasma54

HAS, suggesting that they share the same biological activity(Kuo et al., 2013).In veterinary medicine, the55

subunit vaccine of bovine viral diarrhea virus (BVDV), a serious cause of global economic losses in farm56

animals, has been expressed in modified alfalfa crops and is shown to be highly effective(Aguirreburualde57

et al., 2013).The human insulin-like growth factor binding protein-3 (Higfbp-3), a multifunctional protein,58

is another protein that has been expressed in plants, specifically N. tabacum. Interestingly, the protein59

was expressed in N. tabacum seeds using the signal peptide (SP) and c-terminal tetrapeptide AFVY of60

phaseolin. Analysis of expression showed that recombinant Higfp-3 accumulated in tobacco seed with61

a high yield(Cheung et al., 2009).Multiple therapeutic proteins synthesized in plants are either at the62

preclinical or clinical trials stage with the potential of achieving commercialization. For example, in the63

area of skin health, multiple studies have shown the applicability of molecular farming in skin health64

research and skin care product development. Niazi et al. used N. tabacum to express hyaluronic acid65

(HA) and found that plants can produce the precursor HA but not the mature HA as they lack hyaluronic66

acid synthase. To overcome this limitation, these authors successfully transfected the human hyaluronate67

synthase 2 gene into N. tabacum and confirmed its retention of function, thus enabling the production68

of mature HA in plants(Nazeri et al., 2023). Other genes relevant to skincare that have been expressed69

in plants include superoxide dismutase (SOD) and bFGF. Previously, SOD was mainly derived from70

animal tissues. However, in the past decade, functional SOD with potential application across various71

biological fields has been obtained from plant-based expression systems(Che et al., 2020)(Ren et al.,72

2018). Zhong et al. expressed bioactive bFGF in soybeans and showed that the recombinant protein73

can retain its proliferative function(Ding et al., 2006). These findings confirm the feasibility of plants as74

natural bioreactors for the production of cytokines and growth factors relevant to skincare.75

REVIEW METHODOLOGY76

The data presented herein were acquired following a rigorous search from several well-established77

academic search engines and specific journal databases. These included Google Escholar, PubMed, Web78

of Science, Baidu Academic, and Microsoft Academic Search. Google Escholar and PubMed served as the79

main search tools, accounting for more than half of the used literature. To optimize and find the relevant80

literature, we used the boolean search method with the following keywords: Arabidopsis and transgenic,81

molecular agriculture, molecular farming, plant bioreactor, transdermal peptide, cytokine and transdermal82

peptide, molecular agriculture and pharmaceutical protein, cosmetics and plant bioreactor, and molecular83

agriculture and cytokines. Thereafter, relevant reports were acquired, studied, and assessed for suitability84

to the topic and content of the review, thus ensuring the quality and accuracy of interpretations of the85

findings and conclusions presented herein.86

STRATEGIES FOR THE COMMERCIALIZATION OF MOLECULAR AGRICUL-87

TURE88

Strategies for increasing bioaccumulation in molecular agriculture89

Higher expression yields of foreign proteins in plants remain a major constraint to the commercialization90

of these proteins, especially skin health-relevant proteins. As such, there is a need for enhanced plant91

bioreactors or improved expression strategies. Several strategies have been employed to optimize plant92

bioreactors for the synthesis of pharmaceutical proteins. These strategies include the mode at which93

the target genes are introduced into the plants, the type of promoters used, the enhancement of specific94

transcription and the stability of the transcripts, the enhancement of the translation of foreign proteins, and95

the accumulation of foreign proteins in specific plant parts. Specific modification strategies vary depending96

on the choice of plant used to express the protein. For example, to increase collagen 1 expression in97
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transgenic N. tabacum, Ruggiero et al. used expression vectors containing enhanced 35S promoter and98

35S terminator of the cauliflower mosaic virus and transfected them into the N. tabacum leaf disc using99

a recombinant Aspergillus. This resulted in a yield of about 3 g of purified recombinant collagen per100

100 kg of powdery plant(Ruggiero et al., 2000).Hanan et al. also expressed recombinant heterotrimeric101

collagen type I (RHCOL1), human prolyl-4-hydroxylase (P4h), and lysyl hydroxylase 3 (LH3) together102

in N. tabacum. P4H and LH3 serve as key posttranslational modifiers of RHCOL1 to produce a thermally103

stable triple helix protein. This expression strategy reported a yield of 2 percent of the total soluble protein104

extracted from the plants(Stein et al., 2009). Using the Shine-Dalgarno sequence (SD) to express human105

serum albumin (HAS) in transgenic chloroplasts. Although SD normally promotes high expression of the106

transgene, the amount of HSA obtained in this study accounts for only 0.02 percent of the total protein.107

However, the expression of HAS was increased by 500-fold, accounting for 11.1 percent of the total108

protein, when the chloroplast untranslated region (UTR) was used to modify the regulatory sequence109

of HAS(Fernández-San Millán et al., 2003). Stable nuclear transformation is the prerequisite for the110

expression of foreign proteins in the whole plant. Stable nuclear transformation is a traditional strategy of111

plant gene manipulation for the production of recombinant proteins. In this strategy, the target gene can112

be stably integrated into the plant genome, and the recombinant protein can be produced continuously113

throughout the plant(Shanmugaraj et al., 2020)(Bhoria et al., 2022).Expression of the recombinant protein114

in the whole plant can greatly increase the accumulation of exogenous protein. Li et al. investigated the115

expression of the cholera toxin B subunit and human insulin B chain, each as a fusion protein in transgenic116

N. tabacum plants, and achieved a protein yield of 0.11 persent of total protein in the leaves(Li et al.,117

2006). Optimizing the codon and regulatory elements and suppressing gene silencing can also improve118

the expression of proteins, as demonstrated by the high level of insulin expressed(Bhoria et al., 2022).119

Taken together, the different strategies have different effects on the expression of foreign proteins in120

plant expression systems, making them critical to the success of plant bioreactors. Therefore, enhanced121

strategies will play a vital role in solidifying the use of molecular agriculture in the development of skin122

health and skin care products.123

Strategies for improving the self-efficacy of molecular agricultural fusion proteins124

The skin is the largest organ of the human body, and it serves as the first barrier of defense for the125

body, regulating the entry and release of substances(Hänel et al., 2013).The barrier function of the skin126

also restricts the penetration of most externally applied macromolecules. The skin barrier allows the127

penetration of molecules with a molecular weight of approximately 500 Da and below(Bos and Meinardi,128

2000). However, the majority of dermal therapeutics have a molecular weight higher than 500 D (Zhang129

et al., 2021). For example, EGF has a molecular weight of about 6045 Da (Adamson and Rees, 1981), and130

this impedes its efficiency and often requires large-scale administration to achieve any therapeutic effect.131

Large-scale administration may result in undesirable outcomes, such as irritation or allergic reactions. As132

such, skincare products require effective delivery methods to ensure their penetration into the transdermal133

section of the skin.134

The efficacy of the skincare products can be improved by using an appropriate transdermal delivery135

system (Zhang et al., 2021). Transdermal drug delivery has emerged as a preferred delivery method136

in skincare treatment as the drugs can be applied to the intact skin. There are various approaches137

to transdermal drug delivery, and these can be tailored to the nature and type of skincare products.138

Transdermal delivery methods are mainly divided into physical methods, chemical methods, and biological139

methods. Physical methods include iontophoresis, ultrasonic treatment, electroporation, and the use of140

microneedles. These methods enable the drug to quickly penetrate the skin barrier, but they are known to141

cause discomfort to the users (Bok et al., 2023)(Dermol-Černe et al., 2020)(Hong et al., 2018).Chemical142

methods involve modifying the chemical structure of the skincare product or adding chemicals to form143

microcarriers or capsules that carry the skincare products across the skin(Akram et al., 2022)(Damiani and144

Puglia, 2019). While chemical methods do not cause discomfort, such as pain, to users, the modification145

is likely to change the physical and chemical properties of the products. Furthermore, some chemicals146

may cause irritation or allergic reactions to the skin or abrogate the skin barrier function, making it unsafe147

for the user. In biological methods, penetrating peptides are first screened for suitability, and the suitable148

peptide is then fused to the protein of interest. This increases the ability of the protein to penetrate the149

skin barrier without altering its function (Chablani and Singh, 2022). Biological transdermal methods150

have high biosafety to reduce the risk of harming the skin barrier or inducing undesirable reactions.151
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In summary, the biological, transdermal approach is the ideal choice as it can promote the effectiveness152

of the protein through fusion with transdermal peptides (CPPS). Recombinant DNA technology has153

enabled the synthesis of fusion proteins with multi-functional properties. By fusing two or more proteins154

through a fusion protein linker, the fused protein acquires synergetic or enhanced functions(Chen et al.,155

2013). Protein fusion technology is used to facilitate protein purification, protein detection, or improve156

protein expression levels(Terpe, 2003). In protein purification or detection, fusion does not result in the157

alteration of protein function or activity. For example, the fusion of green fluorescent protein (GFP) with158

COP1 does not alter its structure, activity, or localization (Von Arnim et al., 1998). GFP has also been159

used to track the distribution of NPC components in real-time throughout the cell cycle, as well as for160

high-resolution immune SEM labeling to determine localization at the nano-level (Drummond and Allen,161

2008).Histidine (His) tagging, where a sequence of short peptides composed of His is fused to the N-162

or C-terminus of the target protein, is another fusion method widely used for protein purification and163

detection. His-tag-fused proteins expressed in bacteria, yeast, insect cells, or mammalian cells still retain164

their native function of the protein(Lee et al., 2017). Other fusion peptides may increase the solubility and165

secretion of the target protein. For example, maltose-binding protein acid (Mbp) significantly enhances166

the solubility, secretion, and purification of target proteins expressed in E. coli (Malik, 2016)(Ki and167

Pack, 2020). Other known fusion protein tags include Arg-tag, calmodulin-binding peptide, cellulose-168

binding domain, DsbA, c-myc-tag, glutathione S-transferase, FLAG-tag, HAT-tag, NusA, S-tag, SBP-tag,169

Strep-tag, and thioredoxin. These tags play an important role in different fields because of their various170

functions.171

Cell-penetrating peptides (CPPs), which generally consist of 5-30 amino acids, are another group172

of functional tags that promote skin barrier penetration. The special ability of CPPs allows them to173

be used in a variety of industrial applications(Shin et al., 2022). CPP is a powerful tool for biological174

research, drug development, and the transdermal delivery of cosmetics. For example, CPPs such as the175

transdermal peptide TAT have been used to deliver siRNA therapeutics for skin diseases and improve176

skin characteristics. TAT can significantly improve the rate of siRNA transdermal delivery(Uchida et al.,177

2011). SPACE, another transdermal peptide, has been used for the delivery of cyclosporin A in the178

treatment of a variety of skin diseases(Chen et al., 2015). CPPs have also been used to deliver growth179

factors. For example, the hydrophobic peptide macromolecular transduction domain 1067 (MTD 1067)180

has been shown to improve Ghrp-6, insulin-like growth factor I (des (1-3) IGF-I), and platelet-derived181

growth factor BB (PDGF-BB) transdermal delivery by 4.4, 18.8, and 32.9 times, respectively, without182

causing cytotoxicity when compared with the control(Shin et al., 2022). CPPs can be co-expressed with183

target proteins in plant bioreactors, leading to fusion proteins with enhanced transdermal activity.CPPs184

have recently been shown to be effective at overcoming the selective permeability of the cell membrane.185

Thus, the fusion of CPPs with bioactive macromolecules can increase their ability to penetrate the cell186

membrane, making them a preferred transdermal delivery system(Pujals et al., 2006).To date, several187

CPPs have been identified and used in the transdermal delivery of biomacromolecules (Lipinski et al.,188

1997).Among these peptides, the mechanisms of transdermal peptide 1 (TD-1) and translocating peptide189

1 (TP1) have been substantially investigated. TD1 was identified by high-throughput screening and190

has since been explored in terms of its skin penetration ability. Ruan et al. (2014) expressed human191

epidermal growth factor (hEGF) fused with TD1 in the yeast system and showed that the fusion had a192

higher skin penetration potential, thus laying a foundation for the application of TD1 as a transdermal193

delivery vector(Ruan et al., 2014).The structure and transdermal mechanism of TP1 have been explored194

by munoz et al.using nuclear magnetic and isotope labeling methods, and the peptide has been evaluated195

for its delivery of antitumor drugs(Muñoz-Gacitúa et al., 2022). For example, the delivery of carbataxel196

by TP1 was shown to have enhanced the treatment of prostate and breast cancer (Park et al., 2021). The197

promising effects of CPPs in transdermal delivery suggest that they are poised to become a preferred198

bio-transdermal method for skincare products.199

Taken together, the expression of fusion proteins in plant expression systems can be modified to200

enhance their transdermal potential and the properties of the target proteins. This may serve as an201

important prerequisite for the commercialization of plant expression systems as well as their products.202

Strategies for improving the self-safety of molecular agroprotein fusion proteins203

Prokaryotic expression systems are traditional foreign protein expression systems. Their outer membrane204

contains lipopolysaccharide (LPS) , which can cause adverse toxic effects and restrict the application of205
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recombinant proteins in various fields(Shahar et al., 2022). Prokaryotic expression systems can increase206

the cost and steps of downstream purification of foreign proteins. The production of exogenous protein207

by a plant expression system can effectively avoid the contamination of endotoxin, simplify the steps of208

downstream protein purification, and guarantee the safety of the treatment for human diseases(Shahar209

et al., 2023). In order to ensure the safety of the products, suitable host plants should be selected to express210

different special foreign proteins. Plants have already been used to express cytokines, hyaluronic acid,211

and collagen. The first plant transgenic system was based on N. tabacum, whereby the gene encoding a212

foreign protein was introduced into the plant via Agrobacterium tumefaciens. Although this system was213

found to improve the expression of the target protein, N. tabacum contains toxic alkaloids, and a small214

amount of these alkaloids can stimulate the central nervous system and raise blood pressure, whereas a215

large amount can inhibit the central nervous system, with potential consequences of heart paralysis and216

death. For example, a few milligrams of nicotine can cause headaches, vomiting, confusion and other217

poisoning symptoms. In a 3D human skin model (EpiDerm), nicotine can also affect protein composition218

and damage organelles affecting mitochondrial and peroxisome ROS homeostasis. These changes may219

exacerbate skin infections, inhibit wound healing, and cause oxidative damage to skin cells(Pozuelos220

et al., 2022).Thus, in terms of safety, N. tabacum is not suitable for the production of skin care products.221

More ideal plants for such purposes are A. thaliana, legumes, fruits, and vegetables.222

APPLICATION OF CYTOKINE EXPRESSION IN MOLECULAR AGRICUL-223

TURE224

Molecular farming can be applied to the study and application of recombinant protein expression, and it225

has been demonstrated for proteins such as cytokines and growth factors. Molecular farming can also226

be used to assess the applicability of various expression methods. Plants have several advantages that227

make them efficient bioreactors. First, their offspring can stably inherit the transfected genes to ensure228

the continuous production of the recombinant proteins. This also allows the acquisition of plants already229

expressing the desired protein, thus reducing the production cost and providing the prerequisite basis230

for commercialization(Ma et al., 2003). Second, plants have functional, post-translational modification231

machinery (Huang and McDonald, 2012),which enables the processing of recombinant proteins to ensure232

the retention of structure and function. Third, unlike other expression systems, plant expression systems do233

not require heat sources, and the purified proteins are free from endotoxins, or other sensitizing substances.234

As such, these expression systems reduce the potential damage of the recombinant proteins and are likely235

to cause less sensitization and adverse reactions in people who use the final products(Moustafa et al.,236

2016). Fourth, the extraction of expressed foreign proteins in plants does not require purification or237

complex procedures. Simple methods, such as grinding, can still result in the extraction of the total238

soluble protein, which can be easily separated from the insoluble plant tissue, in line with the current239

people’s demand for skincare raw materials from the pure natural concept.240

To date, multiple studies have shown the feasibility of expressing skincare-relevant proteins in plant241

bioreactors. Proteins that have been successfully expressed in plants include aFGF, bFGF, FGF21, KGF-242

2,and EGF and the actual plants used to express these proteins include A.thaliana, S. lycopersicum,N.243

tabacum , and Carthamus tinctorius Linn. Among them, aFGF, bFGF, KGF-2, EGF , and among others,are244

proven to delay aging(Mehta and Fitzpatrick, 2007)(Hou et al., 2020), promote whitening (Smit et al.,245

2009), remove acne and other spots, moisturize, as well as eliminate wrinkles, and brighten the skin.246

Additionally, some of these growth factors have been demonstrated to enhance skin regeneration and247

reduce scar formation(Bloemen et al., 2009)(Dolivo, 2022). These studies illustrated the potential prospect248

of the use of plants as bioreactors in the field of skincare. Thus, how to make plant-derived proteins reflect249

higher application value in skin care has become an urgent problem to be solved. Studies have shown250

that the incorporation of the expression of cytokines and growth factors with beneficial effects on skin251

health in different plant parts may confer synergetic effects. Specific plant parts, such as roots,leaves, and252

fruits/seeds, are rich in anthocyanins, vitamin E, and antioxidants, and thus they have been utilized in253

multiple skincare products(Jo et al., 2020)(Michalak, 2022). The expression of recombinant proteins in254

plant parts containing high levels of antioxidants can help increase skincare efficacy when applying into255

products.256

Another approach is the fusion protein strategy to enhance their transdermal properties(Bolhassani257

et al., 2017). Oil-body cytokine fusion can also significantly improve the transdermal rate of the cytokine.258

The permeability mechanism of oil body may be similar to that of liposomes. The drugs carried by259
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liposomes show a strong ability to penetrate through the skin. Qiang et al. studied the oil body carrying260

oleosin-hEGF-hEGF and showed that it can rapidly penetrate the skin tissue and the amount of absorption261

is higher than EGF not fused to oil body(Qiang et al., 2018).Zhao et al used A. thaliana to express aFGF262

fused with oil body, which were specifically stored in the seeds, and subsequent toxicological tests showed263

that the fusion protein has no obvious toxicity and would not cause any irritation or skin allergy(Zhao264

et al., 2015).Suggestively, this could allow the expression of pharmacologically beneficial proteins in265

the desirable plant parts or the avoidance of the expression of these proteins in certain plant parts. This266

can lead to increased reusability and value of plant bioreactors. Coupled with the general preference267

for naturally derived skincare products, molecular farming undoubtedly holds unique advantages over268

conventional methods used to synthesize proteins in the skincare industry.269

FEASIBILITY OF MOLECULAR FARMING SYNTHESIS OF TDP1 FUSION270

EGF PROTEIN271

Epidermal growth factor (EGF) is a small-molecule polypeptide composed of 53 amino acid residues with272

multiple functions(Boonstra et al., 1995).EGF has several beneficial effects on the skin and has been used273

for various purposes in skincare. For example, recombinant human epidermal growth factor (rhEGF) is274

used in anti-acne creams. Using split-face randomized double-blind trials, rhEGF has been demonstrated275

to significantly improve acne clearance with little to no side effects (Kim et al., 2014). Aside from treating276

acne, EGF has also been used to treat skin melasma and is known to be non-invasive(Lyons et al., 2018).277

Additionally, EGF is known to be an anti-aging factor, and its topical application reduces wrinkles while278

increasing dermal collagen in multiple clinical studies. EGF is also known to accelerate wound healing279

and reduce scarring, and as such, it is widely used post-surgery, especially in reconstruction and minimally280

invasive facial plastic surgery(Ratanapokasatit and Sirithanabadeekul, 2022). Evidently, EGF has a wide281

range of applications in skin care. However, the lack of effective transdermal properties of EGF reduces282

the efficacy of the EGF products. Thus, the development of improved transdermal EGF delivery methods283

remains a major challenge for its future application in skin health(Shin et al., 2023). To resolve this,284

recent studies have fused EGF with TD1 (a CPP), conferring improved dermal penetration and enhanced285

efficacy for the TD1-EGF product. However, TD1-EGF has been largely expressed in yeast or other286

prokaryotic systems. The expression of TD1-EGF in plants may confer additional benefits mentioned287

above, especially when expressed in plants used as raw materials for skincare products.288

A potential model plant for the expression of fused EGF is A. thaliana, as it has a high infection rate289

compared to other plants. Additionally, A. thaliana has a strong adaptability and fast growth rate, a large290

biomass, and a high content of anthocyanins, which may have synergistic effects on the skin(Zheng et al.,291

2021). Furthermore, A. thaliana extracts are used as raw materials or ingredients in multiple cosmetics.292

Currently, EGF fused with other domains has been successfully expressed in A. thaliana, but there has293

been no investigation into the expression of EGF-TD1. A study by Qiang et al. expressed double-EGF294

fused with olesion in A. thaliana and explored the quantity and quality of the resultant olesion-hegF-Hegf295

protein(Qiang et al., 2020). The recombinant protein was found to retain the bioactivity of EGF and was296

more permeable compared to the control. The replication of a similar recombinant gene design may yield297

a superior-performing TD1-EGF. Jin et al explored the transdermal efficacy of hEGF fused with either298

a single- or double-TD1 and showed that the double-TD1 fused EGF is at least 5 times more efficient299

than the control compared with just 3× more efficient in the case of the single-TD1-fused EGF(Jin et al.,300

2014).This suggests that the higher transdermal permeability of double-TD1-fused EGF may improve the301

therapeutic outcome and lead to wider medical applications. We have previously modified TD1 to stabilize302

its expression in plants using point mutations. more than one mutation?The resultant peptide, TDP1, can303

be fused with EGF using a flexible linker to avoid affecting the function of the fusion protein(Chen et al.,304

2013). In future studies, we intend to explore the feasibility of expressing the TDP1-EGF fusion protein305

in A. thaliana and assess the quantity and quality of the expression as well as the conditions of A. thaliana306

transformation. Thereafter, we will investigate the permeability of the fusion protein and its effects on307

several conditions.308

In our previous study, in order to ensure the stable expression of TD1 in plants, we optimized the309

preference of the TD1 codon and changed part of its amino acid residues through point mutation to obtain310

the TD1 mutant transdermal peptide TDP1, which was fused to the EGF gene that was also subjected311

to codon optimization. In the preliminary design, a flexible linker was inserted between the two protein312

molecules to prevent the structure of the two protein molecules from affecting the function of the fusion313
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protein. In future studies, the feasibility of TDP1-EGF expression in a whole plant system will be tested314

in A. thaliana. The transdermal ability and biological activity of TDP1-EGF will also be evaluated with315

references to skincare, and hopefully, this will provide a new application model of plant bioreactor in316

the field of skin healthcare products for exploring new ideas for the development of natural skincare raw317

materials.318

OUTLOOK319

Research on plant bioreactors has been going on for over four decades. Initially, plants were used to320

express antibodies, vaccines, and medicinal proteins. Over time, the advantages and disadvantages of321

using plants as bioreactors have become clear. Today, we understand that it is not necessary to express322

foreign proteins in specific plant tissues to improve yield. Furthermore, it has become clear that plants are323

not suitable bioreactors to express proteins that require high purity, such as antibodies, due to the potential324

difficulty of separation and purification. Despite this, plants are still being explored for the expression325

of vaccine antigens. Indeed, plant bioreactors have a great potential for applications in various fields of326

medicine, and with further development, the challenge of purification will be overcome. Advancements327

in the use of plant bioreactors have enabled their use in skincare product research and development.328

The use of plant bioreactors in skincare product development fulfills the need for effective products329

as well as the desire for plant-derived products. In addition, plants are considered an environmentally330

friendly source of raw materials, and this will ease concerns about the sources of the raw materials used331

in industry and research. Thus, plant bioreactors are more suitable for direct application of the expressed332

proteins. Moreover, there are presently few skincare products on the market that exploit the synergetic333

effects of recombinant proteins and active substances in plants. Therefore, skincare products derived334

from molecular farming are bound to become more competitive and popular, especially in the cosmetic335

industry. While molecular farming has broad prospects in the skincare field, there is a need to further our336

current understanding of the use of plants as bioreactors and how to scale their production for the skincare337

market.338
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