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Chapter 1. Introduction 

 

 

1.1. Oxidation; an eternal reaction in living cells 

The abundant aerobic environment on Earth 2.4 billion years ago resulted in what the 

scientists have called “The Great Oxidation Event.” It is considered to be the main evolutional 

event of all the living entities, as the oxygen-rich atmosphere provided these entities with 

more energy and increased the ability to metabolise nutrients [1]. Therefore, a huge 

expansion in kind and nature of the microbes has started and lasted. Yet, the presence of 

oxygen also brought with it another consequence mostly classified as harmful, the oxidation. 

This reaction is essential and one of the main eternal life reactions. Generally, it entails the 

addition of oxygen or the withdrawal of hydrogen or electrons, as well as the generation of 

free radicals as a by-product [2]. In biological tissue, the damage caused by these radicals 

begins when they become available in healthy cells, causing molecular and cellular injury and 

eventually leading to a condition of disease. The production of these free radicals can be 

endogenous or exogenous, as shown in Figure 1. 

 

 

Figure 1: Free radical’s sources affecting the living cells 
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Free radicals can be defined as the atoms or molecules that contain an odd number of 

electrons and are able to exist independently [2, 3]. Reactive oxygen species (ROS), reactive 

nitrogen species (RON), and reactive sulphur species (RSS) are among the most common 

species in biology. Examples of the most dominant reactive species (radicals and nonradicals) 

include the following [2, 4]: 

• The hydroxyl radical (OH˙) is a nonselective highly reactive radical, which acts by 

abstracting the proton from the element or oxidising a metal atom through the 

electron transfer process. 

• Hydrogen peroxide (H2O2) is a less active molecule; it can be produced by aerobic 

metabolism and deactivated by cellular enzymes like catalase. 

• The peroxyl radical (ROO˙) possesses significant diffusion through biological 

membranes and has a relatively extended half-life. It can be produced during the lipid 

peroxidation process, which is begun by the removal of an hydrogen atom from 

polyunsaturated fatty acids. 

• Ozon (O3) is an exogenous oxidising agent that triggers a degradation cascade in the 

respiratory system and skin through an electron-transfer reaction, and finally 

producing the OH˙ radical. In contrast, however, it also serves the environment by 

protecting the Earth from the damaging effects of ultraviolet (UV) radiation, especially 

UVC.  

• The nitric oxide radical (NO˙) is considered to be an essential substance in human 

biochemistry, as it participates in the neurotransmission and vasodilation processes 

to lower blood pressure. However, an excess of NO˙ is cytotoxic. It can react directly 

with biomolecules or with ROS to form the peroxynitrite reactive species (ONOO¯). 

 

1.1.1. Oxidative stress 

Due to the unpaired electron(s) in the outer orbital, free radicals are highly reactive, unstable, 

and have a short half-life. Therefore, a consequent reaction with the surrounding cellular 

components must occur, which has a dual impact in the biological systems, both positive and 
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negative. The health benefits are observed mainly in the immunological response against the 

micro-organisms, cellular signalling, and the regulation of cellular redox reactions [3, 5]. 

However, if the production of these radicals has increased beyond the system capacity for 

any reason, an imbalance will be initiated, and a series of damages will begin a chain reaction, 

and if continued, will eventually impact the whole biological system and result in a condition 

called oxidative stress. A chronic state of the oxidative stress leads to oxidative damage 

conditions, including DNA modification, lipid peroxidation, and protein carbonylation. 

Looking at the big picture, these cellular changes manifest into a wide range of diseases and 

conditions, such as aging, diabetes mellitus, neurodegenerative and cardiovascular diseases, 

multiple sclerosis, Alzheimer’s disease, and various types of cancer [3, 5–7]. In fact, many 

scientists believe that the oxidative state is a key factor in the development of all the chronic 

diseases, without exception. 

 

1.2. Antioxidants  

Nature always finds a way to maintain balance in its biological systems. Its unique way of 

fighting free radicals was developed using a protecting group of natural compounds called 

antioxidants. Similar to the free radical, some antioxidants are produced endogenously, while 

the consumption of others must be exogenous, primarily derived from plants. Figure 2 

presents multiple groups of individual antioxidants, including enzymatic, non-enzymatic, and 

synthetic antioxidants [2, 4, 8]. Other means of classification are also available, such as 

according to their solubility (lipophilic and hydrophilic antioxidants) or according to the origin 

(endogenous and exogenous molecules). 

The antioxidants can be defined as substances with the ability to inhibit the oxidation of other 

compounds [8, 9]. They are typically reducing agents and hydrogen donors, and they can 

provide protection from free radicals by two main mechanisms: either by oxidising 

themselves or by interfering with free radical intermediates [8]. 
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In addition to their vital part in breaking the oxidative cascade, a wealth of research has 

demonstrated their role in maintaining and improving the well-being of humans. They have 

shown anti-inflammatory, antiaging, antimicrobial, antidiabetic, anticarcinogenic, as well as 

hepato-, nephro-, and neuroprotective properties [10, 11]. Moreover, several antioxidant 

substances, such as ascorbic acid and coenzyme Q10 (CoQ10), are already considered 

essential nutrients, playing a major role in cellular biochemical processes, functions, and 

signalling [8, 12]. 

 

Figure 2: Antioxidants categories in nature 

• L-ascorbic acid

• Uric acid

• Glutathione

• Vitamin E

• Coenzyme Q10

• Carotenoids

A) Low molecules antioxidants

• Catalase

• Superoxide dismutase

• Glutathione peroxidase

• Thioredoxin and NAD(P)H:quinone reductase 

B) Enzymatic antioxidants

• Ferritin

• Lactoferrin

• Albumin

• Ceruloplasmin

C) Metal binding proteins antioxidants

• Phenols and flavonoids

• Carotenoids

• Trepenoids

D) Phytonutrients antioxidants

• Butylated hydroxytoluene

• Octyl gallate

• Propyl gallate

• Tert-butylhydroquinone

E) Synthetic antioxidants
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1.2.1. Current challenges in antioxidant’s delivery 

As discussed earlier, antioxidant health benefits are enormous for various reasons, and thus, 

their formulation into pharmaceutical preparations is in high demand nowadays. Generally, 

the pharmaceutical product of a certain antioxidant should provide the recommended dose 

in a formulation that allows the sufficient bioavailability to the targeted site. Unfortunately, 

however, achieving this aim is challenging given the complex nature of the biochemical 

properties of antioxidants, such as poor solubility, extreme lipophilicity, and large molecular 

weight. Moreover, the antioxidant’s stability as an active pharmaceutical agent is a critical 

issue, as antioxidants can oxidise and subsequently, oxidise the other formulation elements 

as well [2]. 

Thus, such issues have been the subject of numerous studies, presenting the antioxidant drug 

delivery as a promising approach. The solutions provided in the literature can be categorised 

into two broad spectrums: the chemical modification of the active ingredient or/and the 

modification of the formulation (e.g., the use of a delivery system). 

Considering ascorbic acid a primary example due to its highly challenging formulation, the 

most classical examples for its chemical modification to improve the bioavailability and the 

stability is the use of ascorbic acid ester derivatives [13]. This modification resulted in 

significantly higher cellular levels of ascorbic acid after the topical application of the trisodium 

ascorbyl 6-palmitate 2-phosphate (APPS) compared to ascorbic acid application in the same 

study conditions [14]. 

On the other hand, the development of the delivery systems is among the most successful 

tactics to modify formulations, such as via the use of nanotechnology and advanced carrier 

systems. A productive example for the suggested methodologies by researchers for ascorbic 

acid formulations include the use of spray drying technology with microcapsules [15], 

microfluidic technique with liposomes [16] and homogenisation in advanced water in oil 

emulsions [17]. 

Regarding the delivery of antioxidant plant formulations, extraction is the main process in 

most production methods, in which the active constituents are isolated primarily using an 
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organic solvent [18]. However, PlantCrystals has been urged in the recent years as a new 

concept to overcome the drawbacks of the classical extraction. It is employing a size-

diminishing technology aiming to provide more bioavailable and stable plant-based 

formulations [19, 20]. Further clarification of this novel concept is provided in this thesis. 

 

1.3. Antioxidants in biology: skin as a model organ 

Following the presentation of oxidation, free radicals, and the theoretical background of 

antioxidants, it is crucial now to apply these concepts to one of the biological systems. Skin, 

as the largest organ in the human body, was selected, and it is the main theme of this thesis. 

 

1.3.1. Antioxidant skin barrier 

Skin has a unique anatomy, consisting of corneocytes embedded in a lipid matrix and 

resembling the brick-and-mortar units to protect the inner organs and prevent the epidermal 

water loss. It also comprises a complicated system of biochemicals to restore imbalances 

created by pro-oxidants in the environment. This system, which contains an antioxidant 

network, is commonly referred to as the epidermal antioxidant barrier [21, 22]. This network 

is predominantly composed of small-molecule and enzyme-based antioxidants [23]. 

In addition to preventing the generation of ROS, small-molecule antioxidants serve as free 

radical scavengers. Their distribution throughout the skin is determined by their solubility. For 

instance, lipophilic antioxidants are mostly incorporated in the cell membrane and lipid 

matrix, whereas hydrophilic antioxidants are distributed throughout the extracellular space 

[2, 24]. Among them are L-ascorbic acid, uric acid, glutathione, vitamin E, CoQ10, and 

carotenoids. 

In contrast, enzymatic antioxidants are often referred to as detoxifying enzymes, and they 

have a cofactor that is mainly active via electron transfer reaction [2]. The main antioxidants 

in this category are catalase, glutathione peroxidase, thioredoxin, superoxide dismutase, and 



 

15 

 

NAD(P)H:quinone reductase [25–30]. In addition, other biomolecules such as bilirubin, 

melanin, ferritin, L-carnitine, and α-lipoic acid are contributing to the antioxidant skin barrier 

via their substantial antioxidant activity [2, 31–34].  

In comparison, the anti-oxidative properties in the epidermis are more potent than in the 

dermis, as a gradient concentration is present, particularly for antioxidants with low 

molecular-weight [2]. Moreover there are several factors that can influence the levels of 

endogenous antioxidants in skin, such as anatomical site, diet, and stress [35, 36]. 

 

1.3.2. Oxidative stress in skin 

The term oxidative stress was used for the first time in the 1970s [37]. It can be defined as an 

impaired oxidative state in living tissue that occurred via the accumulation and/or the over-

production of free radicals [38]. As a result, the disruption of this fine oxidant-antioxidant 

system generates multiple biomolecular deformities, represented in carbonylated protein, 

lipid peroxidation, and DNA mutations. Eventually, and as recent studies have confirmed, this 

chronic cellular damage plays a significant part in the development of the organ’s 

deterioration. For example, several skin disorders found to be associated with the oxidative 

stress in skin (Table 1). 

Table 1: Skin diseases associated with oxidative stress 

Skin disease References 

Acne vulgaris [39–41] 

Atopic dermatitis [42–44] 

Skin cancer [7, 45–47] 

Psoriasis [48–50] 

Vitiligo [51–53] 
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1.3.3. Effect of the pro-oxidant elements on skin 

As the outer protective shield, skin often experiences stress from UV radiation and other 

oxidants. At the cellular level, these pro-oxidants provoke many biological and metabolic 

processes and trigger a cascade of reactions that can alter DNA, disrupt the antioxidant 

balance, change signal transduction pathways, impair the immune system, and damage the 

extracellular matrix.  

These deleterious effects are generative conditions of photoaging, photoimmune 

suppression, and photo carcinogenesis. In the long term, the oxidative stress can play a 

confirmed role in developing serious disorders and diseases, as outlined above. 

 

Ultraviolet radiation 

UV radiation, as a primary pro-oxidant agent, includes several spectral regions. UVC has the 

shortest wavelengths (100–280 nm) with the highest energy, while UVA has the longest 

wavelengths (315–400 nm) and the least energy. UVB falls in between. Each UV element has 

shown variable effects on cells, molecules, and tissues according to its energy and penetration 

depth into the skin (Figure 3) [54]. 

Accordingly, UVA is the most dominant UV component, making up 95% of the radiation that 

reaches the Earth, capable of penetrating beyond the epidermis. Therefore, UVA in moderate 

amount stimulates fibroblast apoptosis, increases oxidative stress, induces ROS production, 

reduces antioxidant enzyme activity and promotes membrane disruption [55]. However, UVA 

has less energy than UVB and hence induces carcinogenesis to a lesser extent [56]. On the 

other hand, UVB radiation directly damages DNA by generating apoptosis or replication 

defects, triggering inflammatory processes, photo-immunosuppression, melanogenesis, and 

induces skin cancer [56–58]. For this reason, the sun protection factor (SPF) values only reveal 

a sunscreen’s UVB protection [59]. 
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Figure 3: Penetration of UV radiation into the skin and undesired consequences 

Visible and infrared light 

Recent reports have revealed the ability of the visible and infrared light to trigger skin 

erythema, pigmentation, thermal damage, and free radical production [60, 61]. Moreover, 

DNA damage as a result of exposure has been confirmed [2]. Future research in this area is 

required to provide better understanding and to suggest suitable solutions for skin 

protection. 

Air pollution 

Industrial revolution has produced undesired outcomes for human health and environment; 

according to the world health organisation (WHO), nine out of ten people are breathing 

polluted air worldwide [62]. Air pollution is defined as a heterogeneous combination of gases 

and particles originated by humans and nature, such as industrial by-products and windblown 

dust, and has become an increasingly serious issue in the last decades [63]. Air pollution 

includes ambient ozone and nitrogen dioxid, traffic-related air pollution, cooking with solid 

fuels, as well as indoor and outdoor particulate matter (PM). 
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Several reports have linked air pollution to the oxidative cascade, manifesting as 

cardiovascular, respiratory, and cancer disorders [64, 65]. This impact is occurring due to the 

oxidant nature of the ozone, nitrogen dioxide, and airborne particles [63]. Moreover, these 

components can trigger inflammatory response, which can interfere with the function of the 

mitochondria and modify the RNA [66, 67]. 

As the organ in the lifelong direct contact with the polluted air, skin is also a target for 

significant oxidative changes that affect all the skin’s main attributes, such as skin barrier, 

pigmentation, defence systems, structure, neuroendocrine regulation, and  

thermoregulation [68, 69]. Compared to skin that is not exposed to pollutants, the exposed 

skin has higher sebum production and a greater quantity of lactic acid, resulting in a decreased 

subcutaneous pH. Additionally, cholesterol, vitamin E, and squalene are diminished markedly 

in people’s skin in polluted regions as a result of their mobilisation to counteract oxidative 

stress in the skin [70]. As the result, growing research has examined the involvement of 

particulate and gaseous pollution in skin disorders, such as aging, eczema and dermatitis, 

urticaria, rosacea, and cancer [68, 69, 71, 72]. 

 

1.3.4. Antioxidants as cosmeceuticals agents 

The use of antioxidants presents a concrete approach to improve overall health. In the case 

of skin, the benefits of topical antioxidant application have been extensively supported in the 

last decades. Research has indicated their potential to strengthen the skin barrier, provide 

photoprotection, repair UV-induced damage, fight photo-oxidative changes, and improve the 

production and differentiation of the epidermal components [55, 73]. Moreover, they can 

work as anti-pollution agents by forming a barrier film and eliminating the pollutant’s 

oxidative effects [73]. Screening the literature and the cosmetics market shows the 

dominance of three antioxidants species for the skin: vitamin C, vitamin E, and CoQ10. 

Nevertheless, the use of botanical antioxidants is also gaining high popularity. Table 2 

describes the common species of cosmeceuticals antioxidants in addition some phyto-

antioxidants that are used with proven efficacy. 
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Table 2: Common antioxidants species used in cosmeceutical formulation 

 Common species Main efficacy 

Vitamin C o Ascorbyl 6-palmitate 

o Ascorbyl-2-glucoside 

o Tetra-isopalmitoyl 

ascorbate 

Photoprotection, anti-inflammatory, 

anti-melanogenesis, antiaging, anti-

pigmentation and wound-healing 

enhancer [74, 75] 

Vitamin E o Α, β, δ and Ƴ tocopherols 

o Tocopheryl acetate 

o Tocopheryl 

dimethylglycinate 

Photoprotection, anti-inflammatory 

activity, anti-melanogenesis, antiaging 

and humectant agent [2, 76] 

CoQ10 o Ubiquinol 

o Ubiquinone 

o Disodium Ubiquinone 

Anti-inflammatory, anti-tumour, 

antiaging and anti-pigmentation [77, 

78] 

Phyto-

antioxidants 

o α-Arbutin Anti-inflammatory, antipigmentation, 

cytotoxic and wound-healing enhancer 

[79–81] 

o Curcumin Photoprotection, anti-inflammatory 

activity, anti-cancer, antiaging and 

wound-healing enhancer [82–84] 

o Epigallocatechin gallate Photoprotection, cytotoxic, antiaging 

and skin hydration agent [85–87] 

o Resveratrol Photoprotection, anti-inflammatory 

activity, anti-cancer, antiaging and 

wound-healing enhancer [88–90] 
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1.4. Assessment of oxidative state 

1.4.1.  In plants 

Plants are the major source of natural antioxidants. They are an indispensable constituent 

that exhibits an extended range of biological benefits, including anti-oxidative, anti-

inflammatory, antiaging and anti-carcinogenic properties. For this, their use in nutraceutical, 

medicinal, and cosmetic applications is fundamental. Phenols are the largest plant derived 

antioxidant group, containing five sub-groups, as demonstrated in Figure 4 [91–94]. Each 

group is characterised with a specific basic chemical structure and includes many substances 

with substantial health effects. The other active constituents that show significant antioxidant 

properties are vitamins (vitamin C, vitamin E, and CoQ10), carotenoid and chlorophyll. 

 

Figure 4: Phenol sub-groups in plants 

• Flavones, such as luteolin and apigenin

• Flavanols, such as kaempferol and quercetin

• Flavanones, such as hesperitin and naringenin

• Chalcones, such as arbutin, phloretin

• Isoflavone, such as genistein and daidzein

• Anthocyanidin, such as cyanidin, delphinidin, malvidin

1) Flavonoid group 

• Including salicylic acid, vanillic acid, gallic acid, p-coumaric acid and 
ferulic acid

2) Phenolic acids

• Including piceid and resveratrol

3) Stilbenes

• Including gallotannins and ellagitannins

4) Tannins

• Including matairesinol and pinoresinol

5) Lignans
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The estimation of the plant’s antioxidative potential is typically done using two main 

approaches: 

 

1.4.1.1. Direct detection of the plants actives constituents 

Phenols can be determined simply by using the Folin Ciocalteu method [95]. Other assays for 

phenol sub-groups also exist, including: 

o Total flavonoid content [96] 

o Total monomeric anthocyanin content [97] 

o Carotenoid analysis [98] 

A more precise analytical method can also be used for determination individual compounds, 

like the use of HPLC assays [97, 99, 100]. 

 

1.4.1.2. Antioxidant capacity (AOC) assays  

Due to the complex nature of the dietary and biological composition, isolating each 

antioxidant component and analysing it separately is typically expensive, inefficient and does 

not consider the interactions between the antioxidants. Accordingly, the principle of 

antioxidant capacity (AOC) had developed in chemistry and introduced into the areas of 

biology, medicine, and nutrition [4]. AOC can be defined as the measured amount of free 

radicals that can be scavenged by a specific agent [101]. It includes a broad variety of assays, 

that have been employed to evaluate the potential of nutraceutical and pharmaceutical 

products (Table 3). 
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Table 3: Common assays used to determine in-vitro antioxidant capacity 

Mechanism Examples 

Hydrogen atom transfer 

reaction 

o ORAC (oxygen radical absorbance capacity) 

o TRAP (total radical trapping antioxidant parameter) 

o Crocin bleaching assay 

Electron-transfer 

reaction 

o TEAC (Trolox equivalent antioxidant capacity) 

o FRAP (ferric ion reducing antioxidant parameter) 

o DPPH (2,2-Diphenyl-1-picrylhydrazyl) 

o Total phenols assay by Folin Ciocalteu reagent 

Other assays o Inhibition of Briggs Rauscher oscillation reaction 

o Chemiluminescence 

o Electrochemiluminescence 

 

 

Most of the analytical assays can be classified according to their reaction mechanism [102, 

103], as follows: 

 

Hydrogen atom transfer (HAT) based reactions: 

In general, HAT-based approaches are composed of a synthetic free radical initiator, an 

oxidisable probe, and an antioxidant. Their reaction can be described as: 

ROO˙ + antioxidant(H) ➔ ROOH + antioxidant˙ 

In this reaction, the antioxidant quenches the free radicals (mainly peroxyl radicals; ROO˙) via 

the hydrogen donation [102]. 
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The majority of HAT-based assays are able to assess the kinetics of competitive reactions, with 

quantitation obtained from the kinetic curves. The most popular tests belonging to this group 

include the following:  

• Oxygen radical absorbance capacity (ORAC) assay was initially developed by Cutler et 

al. in 1993 [104], and since then, it has gained significant popularity. It involves the 

area under the curve (AUC) kinetics that applies well to antioxidants with a lag phase 

and those without lag phase. Moreover, it is especially beneficial for food samples, 

which typically include several components and have complicated reaction kinetics 

[4]. As a result, the ORAC assay has been widely used in academia, pharmaceutical, 

and supplement industries to assess antioxidant capabilities. 

• Total radical trapping antioxidant parameter (TRAP) assay is based on the 

antioxidant protection for R-phycoerythrin fluorescence decay during the lipid 

peroxidation process suppressed by AAPH [105]. The TRAP values are determined by 

defining the lag-phase time of the sample in relation to the standard. Thus, the TRAP 

assay has good sensitivity; nonetheless, using the lag phase for measurement is the 

main disadvantage of this method, as not all antioxidants exhibit a lag phase, and the 

antioxidant capacity profile following the lag phase is entirely ignored [106]. 

Moreover, it involves a complex and time-consuming process that requires a high level 

of skill and experience [4]. Accordingly, the application of this assay is limited for the 

purpose of the routine determination of AOC. 

 

Electron-transfer (ET) reaction 

ET-based assays employ a single redox reaction, with the oxidant acting as an indicator of the 

reaction endpoint. The basic principle can be summarised as: 

Oxidant probe + electron (antioxidant) ➔ reduced probe + oxidized antioxidant 

The probe is an oxidant that removes one electron from the antioxidant, causing the probe 

to change colour and the degree of colour change is related to the concentration of 
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antioxidants [102]. The reaction is completed when the colour change ends. Example assays 

include the following: 

• The Folin Ciocalteu assay, often known as the phenol determination assay, is 

commonly used to assess a sample’s reducing capacity [95]. Numerous studies have 

utilised this test and have shown strong linear relationship between the phenolic 

profiles and the AOC. It is highly applicable, easy, and reproducible. As a result, a vast 

amount of data has been collected, and the test has become a standard method for 

analysing phenolic antioxidants. 

• Miller et al. initially developed Trolox equivalent antioxidant capacity (TEAC) assay in 

1993 and ABTS (2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) was utilised as 

oxidising agent [107]. Due to its convenience, TEAC test has been used by several 

laboratories to investigate the AOC, and the TEAC values of numerous substances and 

food samples have been published.  

• The ferric ion reducing antioxidant power (FRAP) assay employs a ferric salt as an 

oxidant that has comparable redox potential to that of ABTS [102]. Therefore, there is 

a high level of similarity between these two assays, with the only significant difference 

being that the TEAC assay is conducted at neutral pH and the FRAP assay in acidic 

conditions [108]. 

• Diphenyl-1-picrylhydrazyl radical scavenging capacity (DPPH) assay utilises one of a 

few existing stable organic nitrogen radicals with spectral absorption. Although this 

method is easy and convenient, there are drawbacks limiting its use. DPPH is a long-

lived nitrogen radical that is completely different than the extremely reactive and 

transient ROS. For example, there are numerous antioxidants that respond rapidly 

with peroxyl radicals that may react slowly or even be inert when exposed to DPPH. 

Thus, the findings of this assay must be supported by other assays that are more 

relevant to the in-vivo conditions. It was previously assumed that the DPPH assay 

followed a HAT reaction. However, the following data suggested otherwise, like the 

study by Foti et al. which theorise it as an ET reaction based on a kinetic study of the 

interaction between phenols and DPPH [109].  
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All the presented assays are varying in the term of substrates, reaction conditions, probes, 

and quantification techniques. In major cases, it is challenging to compare the findings 

obtained from different assays as Frankel et al. stated [110]. Furthermore, a single assay 

cannot stand alone to decide the certain potential of an antioxidant system [110]. Hence, the 

use of multiple approaches and variable conditions to provide for fair assessment is highly 

recommended. 

 

1.4.2. In cosmeceuticals agents  

In the last  decade, antioxidants have been anticipated as one  of the most valuable ingredients 

in the cosmetics industry to improve the skin’s oxidative state and, moreover, to extend the 

formulation stability, e.g.; to prevent the lipids peroxidation [2]. 

Estimating the AOC role of each ingredient in a formulation is not always a practical solution, 

as the net effects of the ingredient interactions should be considered. Consequently, the 

evaluation of the antioxidant properties of the final formulation is very often the most crucial 

step. Beneficially, this purpose can be achieved using the AOC analytical assays included 

above in Table 3. The most commonly applied in-vitro AOC investigations for cosmeceutical 

formulations are the DPPH assay, CUPRAC assay, and ABTS assay; and for a lower threshold 

of detection, fluorometric methods such as ORAC are applied [111–117]. 

Throughout the last decade, a particular concept has been established for the indirect 

determination of the AOC of skincare products; the radical protection factor (RPF) [118]. The 

RPF measurement defines the scavenging activity of an antioxidant against a certain 

compound. In this technique, nitroxides are used as the reactive radicals, and the assessment 

can be performed using electron spin resonance spectroscopy (ESR), which permits the 

identification of the unpaired electrons species; hence, it reflects the formulation’s 

antioxidant capacity [118, 119]. The advantage of this concept includes the simple 

classification of antioxidant-containing cosmeceuticals, in addition to its use in monitoring 

changes in the antioxidant properties over a long period of time. However, it appears that this 
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method has limited application, probably due to the sophisticated applied procedure and the 

presence of more efficient and convenient methods. 

 

1.4.3. In skin and biological tissues  

Reviewing the literature reveals extensive efforts aimed at providing a better understanding 

of the antioxidant skin barrier and the influencing factors, such as skin disorders, UV radiation, 

and particular treatment. In general, the applied approaches can be divided into three basic 

strategies (Figure 5) [120]. 

 

Figure 5: Summarised presentation of current approaches used to evaluate the oxidative 

state in biological tissue, e.g., skin 

 

The first approach is the quantification of the free radicals in skin as oxidative markers, mainly 

the ROS. Herrling et al. relied on this concept using ESR, aiming to quantify the generated ROS 

in skin and then use it as a biophysical endpoint to study the impact of and the protection 

from UV A and B radiation [121]. However, the high reactivity and the short half-life of the 

ROS have limited its use as a standalone approach, but it is used as a supportive tool in 

conjunction with much stronger protocols. 

A) Direct 
measurement of the 
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B) Oxidative damage 
assessment

Protein, lipid, and 
DNA damage
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The second approach focuses on the assessment of the damaging effects resulting from the 

oxidative stress in skin tissue. Fujita et al.’s study provides a typical example, as they assess 

the labelled carbonylated protein in the SC using tape stripping and fluorescence microscopy 

[122]. As well, Nakashima et al. have investigated the blue light oxidative effect by studying 

the skin’s lipid peroxidation, in addition to the detection of ROS [60]. Matsumoto et al. 

assessed the expression level of heme oxygenase-1 (HMOX1) mRNA to track the oxidative 

changes in obese patients after weight reduction surgery [123]. Moreover, Hagens et al., with 

a novel model, were able to track skin’s oxidative elements using the ultraweak photon 

emission (UPE) system, which detects luminescence phenomena in biological systems [124]. 

The final approach is the assessment of the skin’s antioxidant elements, both directly and 

indirectly. The direct approach involves applying the detection assays for the enzymatic 

antioxidant, e.g., catalase and superoxide dismutase [125] and the nonenzymatic 

antioxidants, e.g., carotenoid and vitamin E [126, 127]. 

On other hand, the indirect method is based on the estimation of the skin’s overall oxidative 

state, which has a special advantage because it considers the interaction between the various 

factors and the multiple antioxidants, then it provides a good precise estimation of the tissue 

state [120]. This can be done using devices such as the electron paramagnetic resonance 

spectroscopy [128] or by utilising the already known methodologies that have been applied 

in the fields of food and plants studies, such as AOC assays. Regardless of the simplicity and 

the versatile possible applications of employing the last specific approach, there is a little 

research taking full advantages of it, especially in the field of skin research. 

 

Therefore, this thesis is dedicated to establishing and validating a novel model utilising this 

particular approach to estimate the skin’s oxidative state based on a well-established assay 

in the phytochemistry research. 
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Chapter 2. Aims of the thesis 

 

 

 

 

The studies in this thesis have been performed aiming to achieve multiple aims. The initial 

aim was to optimize useful methods to assess the antioxidation potentials of specific novel 

plant formulations. Accordingly, and relying on the first aim, the second aim was to utilise 

some of these already established protocols to assess the skin's oxidative state as a critical 

skin marker and develop a special skin model for the first time. The purpose of the third study 

was to validate that model in different conditions and to adjust its experimental conditions, 

e.g., storage. After that, the aim was to characterise the basic skin biophysical properties and 

the intrinsic skin antioxidant capacity of the porcine ex-vivo skin. The last study was dedicated 

to test the skin model response using several cosmetical elements that produce anti- and pro-

oxidative effects. 

 

All the aims were fulfilled successfully, and the results are presented in two main sections: 

the plant model and the skin model.   
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Chapter 3. Materials and methods 

 

 

3.1. Materials 

3.1.1. List of the used materials 

3.1.1.1. Plants 

o Dates: Purchased from a local market in Taif, Saudi Arabia 

o Guava leaves: Obtained from a local private farm in Taif, Saudi Arabia 

o Taif roses: Obtained from a local private farm in Taif, Saudi Arabia 

 

3.1.1.2. Active ingredients 

o Coenzyme Q10: Dr. Rimpler, Wedemark, Germany 

o Dermofeel® Toco 70 (mixed tocopherols): Evonik Dr.Straetmans GmbH, Hamburg, 

Germany 

o L-ascorbic acid: Sigma–Aldrich Chemie GmbH, Steinheim, Germany 

o TPGS (D-α-tocopheryl polyethylene glycol 1000 succinate): Gustav Parmentier 

GmbH, Frankfurt, Germany 

o Vitamin A acetate: Euro OTC Pharma, Bönen, Germany 

 

3.1.1.3. Other chemicals and reagents 

o AAPH (2,2'-azobis(2-amidinopropane) dihydrochloride): Acros Organics, Geel, 

Belgium 
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o DPPH (2,2-diphenyl-1-picrylhydrazyl): Sigma–Aldrich Chemie GmbH, Steinheim, 

Germany 

o Ethanol: Carl Roth GmbH & Co. KG, Germany 

o Fluorescein: Alfa Aesar, ThermoFisher GmbH, Kandel, Germany 

o Folin Ciocalteu reagent: Merck KGaA, Darmstadt, Germany 

o Gallic acid: Thermo Scientific, Waltham, MA, USA 

o Methanol: Carl Roth GmbH & Co. KG, Germany 

o Miglyol® 812: Caesar & Loretz GmbH, Hilden, Germany 

o PEG (polyethylene glycol) 1500: Caesar & Loretz GmbH, Hilden, Germany 

o PEG (polyethylene glycol) 300: Caesar & Loretz GmbH, Hilden, Germany 

o Plantacare® 2000: BASF AG, Ludwigshafen, Germany 

o Purified water: PURELAB Flex 2, ELGA LabWater, High Wycombe, UK 

o Quercetin: Biomol GmbH, Hamburg, Germany 

o Trolox: Santa Cruz Biotechnology Inc., Dallas, USA 

o Tween® 80: VWR International GmbH, Ismaning, Germany 

o β-carotene: TCI Deutschland GmbH, Eschborn, Germany 

 

3.1.1.4. List of materials and devices 

o 250 W UV hand lamp: UV Light Technology Limited, Birmingham, UK 

o Adhesive tape: Tesafilm® crystal clear, tesa SE, Beiersdorf AG, Norderstedt, Germany 

o Edmund BühlerSwip KS-10: Edmund Bühler GmbH, Bodelshausen, Germany 

o Electrical grinder: Elta Lizenz GmbH, Oststeinbek, Germany and AR1105 Moulinex, 

Grenoble, France 

o Glass slide: Gerhard Menzel B.V. & Co. KG., Germany 

o Homogenizer: GEA Niro Soavi, Lübeck, Germany 

o Infrared densitometer: SquameScan® 850A, Heiland Electronic GmbH, Wetzlar, 

Germany 

o Light microscopy: Olympus soft imaging solutions GmbH, Münster, Germany 
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o Magnetic stirrer: IKA-Combimag RCT, IKA, Staufen, Germany 

o Mastersizer 3000: Malvern-Panalytical, Kassel, Germany 

o Multi Probe MPA 10: Courage + Khazaka electronic GmbH, Köln, Germany 

o NaHCO3: Carl Roth GmbH & Co. KG, Germany 

o Plate reader: FluoStar® Optima plate, BMG Labtech, Offenburg, Germany) 

o Roller: RENOVO, Brillux GmbH & Co. KG, Münster, Germany 

o Spectrophotometer: Multiskan GO, Materials 2020, 13, 4368 6 of 21 Thermo 

Scientific, Dreieich, Germany 

o Ultra Turrax T25: IKA, Staufen, Germany 

o Yttrium stabilized zirconium oxide beads: SiLibeads®, Sigmund Lindner GmbH, 

Warmensteinach, Switzerland 

o Zetasizer NanoZS: Malvern-Panalytical, Kassel, Germany 

 

3.2. Methods 

3.2.1. The plants model 

The production and size analysis of the plant formulations were done by Abraham M. 

Abraham, as described in his publications [129–131]. 

 

Summarised scheme for the main studies of this section is presented in Figure 6. 
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Figure 6: Summarised presentation for the main studies of the plants model 

 

3.2.1.1. Production 

The high-pressure homogenization (HPH) or bead milling (BM) was utilised to produce 

PlantCrystals. But before that process, the plant raw material was grinded using an electrical 

grinder. After that, the plant powders were dispersed in a surfactant 1% (w/w) solution, as 

follows:  

• Plantacare 2000 with Taif rose  

• TPGS with guava leaves 

• Tween® 80 with date 

All the plant-based suspensions have been prepared to include 1% (w/w) plant material and 

they were considered as the initial classical control formulations. Then, PlantCrystals were 

prepared based on these formulations according to the subsequent techniques. 
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High-pressure homogenization 

First, the coarse aqueous suspension had been subjected to high-speed stirring (HSS) to 

minimize the number of particles > 10 m. This pre-treatment step was crucial to prevent the 

clogging of the gap during high-pressure piston-gap homogenization. After that, the 

homogenization process was conducted using a LAB 40-piston gap homogenizer in 

discontinuous mode with a 40 mL batch size at three intervals. It was accomplished at three 

homogenization phase: the first one was done at low pressure (6 cycles × 200 bar), the second 

interval consisted of homogenization at medium pressure; (3 cycles × 500 bar, 3 cycles × 750 

bar, 6 cycles × 1000 bar), and the last phase was the homogenization at high pressure of 10 

cycles × 1500 bar [129]. 

 

Bead-milling 

The other approach to prepare PlantCrystals is the small-scale bead milling approach [132]. 

In brief, three elements were added into a small vial (12 mm 35 mm); the coarse aqueous 

plant suspension, Yttrium stabilized zirconium oxide beads in a ratio of 60:40, and three 

magnetic stirring rods (size 6 mm 10 mm). Then, the vial has been positioned on a magnetic 

stirrer plate at room temperature and the mixture was stirred for 24 h at a rate of 1,500 rpm 

[129]. 

 

3.2.1.2. Size characterization 

The size analysis of the PlantCrystals was done using three independent methods, including 

light microscopy, dynamic light scattering (DLS) and laser diffraction (LD). 

Initially, the samples were visually examined by the light microscopy. Then, the LD 

measurements were conducted using a Mastersizer, and data was analysed with Mie-theory 

using a real refractive index of 1.5 and an imaginary refractive index of 0.01. Later, and using 
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the Zetasizer NanoZS, the DLS measurements were performed at 20 C°, and the data was 

analysed using the instrument's built-in general-purpose mode [129]. 

 

3.2.1.3. Antioxidant properties investigation 

Determination of flavonoid and carotenoid content 

The flavonoid content was determined utilising the aluminium complex reaction [133]. In  

96-well plate, 100 µL of each suspension has been combined with 100 µL of 2% (w/v) AlCl3 

ethanolic solution and kept in the dark for 1 h. Followed by the absorbance evaluation at 

420 nm. The flavonoid content was calculated with respect to the quercetin calibration curve 

and expressed as quercetin equivalent (QE µg). 

On the other hand, the carotenoid content was assessed using Rodriguez-Amaya et al. 

approach [98]. Each sample's absorbance was measured at 450 nm, and calculations were 

performed in relative to the standard curve of the β-carotene. Results are expressed as β-

carotene equivalent (β-CE µg). 

 

Determination of antioxidant capacity 

Folin Ciocalteu Assay 

Folin Ciocalteu (F-C) colourimetric test was employed to evaluate the total polyphenol 

content and the AOC [103]. To perform the assay, 100 µL of each suspension was added to  

200 µL of F-C reagent and 2 mL of purified water. After incubation at room temperature for 5 

min, 1 mL of 20% (w/v) Na2CO3 solution was placed into the reaction vial, and the mix was 

incubated again for 1 h in the dark. The resulted mixture was subsequently evaluated 

spectrophotometrically at 765 nm, the content was calculated in relative to gallic acid as 

standard and expressed as gallic acid equivalent (GAE mg). 
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DPPH Assay 

As another assay for AOC determination, methanolic DPPH (1,1-diphenyl-2-picrylhydrazyl) 

was used by applying the detailed protocol published previously [129, 130]. Briefly, 100 µL of 

0.2 mM DPPH solution was added to 100 µL of each antioxidant serial solution into a 96-well 

plate and kept in dark for 30 min. Next, the absorbance was detected spectrophotometrically 

at 517 nm, and the IC 50 was obtained by plotting the sample concentrations versus its 

corresponding percentage of the radical scavenging activity (% RSA). The % RSA has been 

calculated according to the following equation: 

𝒓𝒂𝒅𝒊𝒄𝒂𝒍 𝒔𝒄𝒂𝒗𝒆𝒏𝒈𝒊𝒏𝒈 𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚 (%𝟏𝟎𝟎) = (𝑨 𝑫𝑷𝑷𝑯 −  𝑨 𝒔𝒂𝒎𝒑𝒍𝒆 𝑨 𝑫𝑷𝑷𝑯⁄ ) × 𝟏𝟎𝟎 

Where A DPPH is DPPH absorbance and A sample is the sample absorbance. Results are 

expressed as IC 50 value (mg/ml), which is the required amount of the antioxidant to scavenge 

50% of the amount of the free radical. 

 

ORAC Assay 

The modified ORAC (oxygen radical absorbance capacity) method developed by Ou et al. was 

applied to plant and skin samples [129, 134, 135]. The used chemicals include Trolox (6-

Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as the external standard, AAPH 

(2,20-azobis(2-methylpropionamidine) dihydrochloride) as the source of free radicals, and 

fluorescein as the employed fluorescent probe. The preparations were in concentrations from 

22.2 to 100 µM for Trolox standards, 125 mM for AAPH and 1 µM for fluorescein. To mimic 

the normal physiology, all materials were produced in a physiological buffer (pH = 7.4).  

The reaction was initiated by placing 20 µL of each standard/sample in a black 96-well plate, 

in addition to 150 µL of the fluorescein solution. Upon incubation at 37 °C for 10 min, 90 µL 

of the freshly prepared AAPH solution was added to each well. Afterwards, the plate was 

immediately inserted into the plate reader, and the measurement detection was started using 

excitation of 485 nm and emission of 520 nm for 100 min.  
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After the required period, the area under the curve (AUC) of each standard/sample was 

computed by plotting the relative fluorescence intensity versus time. After that, the 

calibration curve and its regression equation were generated using the concentration of 

Trolox standards and their AUC values, and the concentration of Trolox corresponding to the 

AUC of the samples was given as µM Trolox equivalents (µM TE). Finally, the fluorescence 

intensity of each sample was utilized to calculate the AOC values. 

All measurements were carried out in triplicate, and the findings are shown as means ± 

standard deviation. 

 

3.2.2. The skin model 

This model represents the bulk part of the current thesis, aiming to study the biophysical and 

antioxidative properties of the skin, and then to establish a novel viable ex-vivo model for 

skin-antioxidant’s research. A summarised scheme for the main experimental outlines of skin 

section is presented in Figure 7. 

 

  

Figure 7: Summarised presentation for main studies of the skin model 
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3.2.2.1. Porcine ear handling 

Porcine ears have been generously given by a local slaughterhouse nearby Marburg, 

Germany. As soon as they were received, they were rinsed with cold tap water, dried gently 

using clean paper towels and then hair was removed properly without damaging the skin 

surface. At that point, multiple intact areas of 1.5 × 2 cm² were marked and used for the 

experiments and the subsequent tape stripping (Figure 8). 

 

 

Figure 8: Ready to use porcine skin 

 

3.2.2.2. Skin assessment and treatment 

Study of the biophysical porcine skin properties  

The skin parameters including trans epidermal water loss (TEWL), hydration, stiffness, surface 

pH and colour were evaluated with the Multi Probe Adapter MPA 10. The used skin probes 

are Tewameter® TM 300, Corneometer® CM 825, Indentometer IDM 800, Skin-pH-Meter PH 

905 and Mexameter® MX 18, consequently. All of them were calibrated periodically according 

to the manufacturer operating instructions and the measurements were done at least in 
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triplicate, at room temperature of (23 °C ± 0.6 °C) and in a room with a  relative humidity of 

44–63%. 

 

Skin treatment 

After the establishment of the ex-vivo porcine skin model, multiple treatments had been 

applied to explore its potential and expand its applications. 

The initial experiment has been intended to assess the anticipated antioxidative effect. This 

step was accomplished utilising finite doses of 6.3 µL/cm of the following active ingredients: 

• Ascorbic acid aqueous solutions (1 - 30% (w/v)) 

• Ascorbyl palmitate (1 - 30% (w/v)) in Miglyol® 812 

• Vitamin E (1 - 30% (w/v)) in Miglyol® 812 

• CoQ10 (0.5 - 5% (w/v)) in Miglyol® 812 

• TPGS aqueous solutions (0.5 - 5 % (w/v)) 

• Vitamin A acetate (0.5 - 5% (w/v)) in Miglyol® 812 

• PEG 300 

• PEG cream (1:1 of PEG 300 + PEG 1500 [136]) 

Solutions and blank solutions (solvent only) were applied and incubated for 2 h at 32 °C. Then, 

the residuals were wiped off softly by wet and dry paper tissue. Consequently, tape stripping 

protocol was applied. 

The following application was performed utilizing UV radiation as a pro-oxidative agent. The 

porcine ears had been exposed to the radiation of a 250 W UV hand lamp for 1 and 2 h inside 

a metallic box (Figure 9). The controlled ear undergone to the same conditions inside the 

metallic box but was covered with an additional paper box to prevent the radiation. 
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Figure 9: UV radiation source inside metallic box for exposure of the porcine skin 

 

Tape stripping 

Tape stripping performed by placing adhesive tape on skin using a defined pressure with a 

roller, followed by a quick tape removal with a layer of stratum cornea (SC) [137]. A total of 

30 SC layers were removed from the skin area for all the samples. According to the specific 

experimental design, tapes have been collected in one set (30 tapes) or three sets where each 

set contains 10 tapes and subsequently, 10 SC layers. Each set was then extracted with 70% 

(v/v) ethanol in purified water, and after that subjected to shaking for 1 h at 160 rpm. 

Eventually, the obtained SC extracts have been analysed using ORAC assay. 

 

Quantification of protein content 

Directly after the tape stripping, the absorbance of each individual tape was determined using 

an infrared densitometer (IR-D) to identify the optical pseudo-absorption at 850 nm. 

According to known data, the detected absorbance showed a linear correlation with the 

protein content in tapes [138, 139] and it is considered a reliable, simple and non-invasive 

technique to quantify the amount of skin corneocytes [122, 138]. Results are expressed as an 

average cumulative protein absorption (%). 
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Storage and extraction of tapes  

The tapes were placed in tightly secured glass vials and stored according to the specifications 

of the study outline. Before the adjustment of the storage conditions, tapes were stored in 

the refrigerator and analysed within 24 h. Then, multiple storage conditions were studied, 

including storing at room temperature (20 ± 2 °C), in the refrigerator (4 ± 1 °C) and the freezer 

(−20 ± 2 °C).  At last, and according to the obtained findings, tapes were stored immediately 

at −20 ± 2 °C and analysed within 10 days. 

 

3.2.3. Statistical analysis 

Excel (Microsoft 365 Redmond, WA, USA) has been used for graphs and descriptive analysis, 

and GraphPad Prism (version 9–9.4.1, GraphPad Software, San Diego, CA, USA) was utilised 

for ORAC calculation and statistical analysis. Each dataset was assessed for normality, and 

after that t-test or ANOVA and post hoc analysis (Tukey and Dunnett’s) were employed for 

comparison. Pearson’s r was applied for the correlation analysis. Experiments were 

performed in triplicate; results were expressed as mean ± standard deviation (SD) and p 

values < 0.05 were considered statistically significant. 

------------------------------------------------------ 
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Chapter 4. Results and discussions 

 

 

4.1. The plant model: 

4.1.1. Antioxidative properties of plants and plant formulations 

This section focuses on the optimisation of several assays designed to effectively evaluate the 

antioxidant properties of plant formulations. The optimised assays were applied to multiple 

plant parts, including flowers, leaves, and fruits, which were prepared using two different 

techniques: in classical extract form and PlantCrystals formulations. The following sections 

present the assay optimisation and validation, followed by a description of the application to 

plants, as shown in Figure 10. 

 

 

Figure 10: Study outline of current section 

 

• Determination of flavonoid and carotenoid content

• Antioxidant capacity assays:

• Folin Ciocalteu assay

• DPPH assay

• ORAC assay

A) Assays optimization and validation

• Taif rose

• Guava leaves

• Date

b) Assays application on plant formulations
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4.1.1.1. Assay optimisation and validation 

Determination of flavonoid and carotenoid content 

Flavonoid content was determined through flavonoid reactions with AlCl3 as a complexing 

agent. Such a reaction leads to the production of a coordination complex product that can be 

evaluated spectrophotometrically. This method is based on the strong flavonoid affinity to 

bind metal ions like aluminium due to their many hydroxyl and oxo groups [140]. Figure 11  

illustrates this reaction using quercetin as a reference flavonoid, while Figure 12 presents a 

quercetin calibration curve that was used as a quantitative standard reference. 

 

 

Figure 11: Scheme for the complex reaction forming Al (III)-quercetin chelate resulting in 

detectable measurement at 420 nm 

 

 

Figure 12: Standard calibration curve of quercetin [µg/mL] upon the reaction with AlCl3 
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To assess carotenoid content, the most popular and straightforward means of estimation is 

to detect the ultraviolet-visible spectrum in the area of 444–502 nm [98]. Therefore, the 

method outlined by Rodriguez-Amaya et al. [98, 141] was applied with respect to a standard 

calibration curve of β-carotene, as shown in Figure 13. 

 

 

Figure 13: Standard calibration curve of β-carotene [µg/mL] 

 

Although these procedures are rapid, simple, convenient, and extensively applied in the 

literature [98, 129, 142, 143], they have one main flaw—the possible differences in absorption 

maxima (λ max) of the various substances that are present in plants compared to the standards 

(quercetin and β-carotene) due to the differences in their chemical structures. Subsequently, 

the final content estimation may show a false positive or negative result [140]. 

However, in the present work, this drawback can be considered insignificant, as the main aim 

here is to compare the content of an individual plant before and after being processed via a 

specified process and not to compare one plant to another. This means that the effect of the 

false value could be balanced by the comparison. 

The other main challenge in carotenoid and flavonoid analysis develops from their instability 

during analysis, as they are sensitive to oxygen, heat and light [98, 144, 145]. Therefore, 

precautions had been made to provide the greatest protection possible during the study. 

However, during the production of the PlantCrystals, considerable exposure to heat and 
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oxygen might occur even with the use of an ice bath, which may eventually have affected the 

final contents in some cases [129]. 

 

Determination of AOC 

Folin Ciocalteu assay 

This approach depends on the specific reaction between the Folin Ciocalteu (F-C) reagent and 

the phenols in plants, which form a mixture that can be spectrophotometrically detected. The 

F-C reagent is composed of phosphomolybdate and phosphotungstate, and upon its 

reduction via electron transfer from a phenolic compound, a blue colour appears (Figure 14). 

 

2 2 2

 

Figure 14: Electron transfer from the phenol compound (e.g., gallic acid) to the molybdate 

complex of Folin Ciocalteau reagent in alkaline condition, which resulted in detectable 

blue colour at 765 nm 

 

This technique is highly popular and has been described in the European Pharmacopoeia 

[146]. It is also considered an excellent approach for determining the AOC due to its nature 

as a redox reaction where any molecule with a reducing ability can progress the reaction 

[103]. However, the reducing abilities of most plants are a result of their phenols; thus, the 

current method has become known as effectively able to determine the total phenol content 
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of plants [147]. As a reference substance in the present work, gallic acid was used in the range 

of 25–500 mg/mL, with the calibration curve shown in Figure 15. 

 

 

 

Figure 15: Standard calibration curve of gallic acid [mg/mL] using Folin Ciocalteu assay 

 

The advantages of this assay include rapid performance, low cost, and high suitability for 

routine work. Moreover, it is largely accurate and has achieved a very good correlation with 

ORAC [95, 103]. On other hand, the colourimetric interference with some substances like 

sugars and aromatic amines is the main disadvantage of the F-C assay [103]. 

 

DPPH assay 

As one of the most common tests to determine the AOC, the DPPH assay, utilises the nitrogen-

stable free radial 2,2-Diphenyl-1-picrylhydrazyl (DPPH) as an indicator of the antioxidant 

reaction. This assay measures the antioxidant-reducing capacity towards DPPH˙, which can be 

spectrophotometrically evaluated by the proportional decrease in the purple colour and the 

antioxidant concentration (Figure 16). 
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Figure 16: Colour of the DPPH solution in 96-well plate which vanished gradually by the 

increased antioxidant concentration in the sample (from right to left) 

 

DPPH assay is classified mainly as an electron transfer (ET) reaction, but the hydrogen-atom 

transfer (HAT) reaction is also considered a marginal mechanism [102]. The reaction proceeds 

by the proton donating antioxidant which reduces the stable free radical reduction to DPPH-

H and results in the disappearance of the DPPH deep purple colour in the concentration-

dependent pattern (Figure 17). 

 

 

 

Figure 17: Conversion of DPPH radical to the DPPH-H in the presence of a proton donating 

antioxidant (A-H), which resulted in the disappearance of its purple colour 
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DPPH assay has been extensively applied for antioxidant screening and has several 

advantages, including its simplicity, rapid performance and easy application, in addition to its 

good sensitivity and accuracy. However, its major drawback is the spectral interference with 

high-absorption groups around the measurement area (500–550 nm), such as carotenoid and 

chlorophyll [103, 129]. The other drawback is caused by the employment of the nitrogen-free 

radical which does not bear any similarity to the most common radical in biological systems; 

the highly reactive peroxyl radicals (ROO˙). Accordingly, the antioxidant reaction may proceed 

differently with DPPH˙ than with ROO˙, yielding data that cannot be meaningfully interpreted 

[103].  

For these reasons, there was an insistent need to apply another AOC assay to be used in 

addition to the F-C and DPPH assays to support the results and gain a deeper knowledge of 

the tested substances. 

 

ORAC assay 

This ORAC assay is based on the HAT mechanism. The reaction depends on the competition 

between the radical generator and antioxidant on a fluorescent probe over time, that 

eventually produces a nonfluorescent product, as illustrated in Figure 18. The free radical 

used here is 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH), which generates 

peroxyl radicals, the most biologically relevant free radicals. 

 

Figure 18: (a) The basic reaction of ORAC assay and (b) time-dependent fluorescence decay 

curve with and without antioxidant 
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To adjust the assay for the chemicals and device in the present study, several steps were 

followed to optimise the experimental conditions before validation.  

 

ORAC assay optimisation 

• The first step involved adjusting the gain, which is the specific value used to modify 

the photo multiplier tube sensitivity in the fluorimeter. It is the most critical device-

related factor that can influence the measurements, as a higher gain means greater 

sensitivity and thus higher relative fluorescence intensity that can be detected, and 

versa vera. Therefore, three different gains were selected and used to detect the 

intensity of the fluorescein solution as follows: 396, 963, and 2000. As shown in  

Figure 19, the 2000 gain resulted in the maximum detected intensity via the device 

(65000 au) and the lowest gain resulted in extremely low values, around zero. While 

the middle gain identified values around 25000 au, which is properly sensitive and far 

enough from the minimum and maximum reading values.  
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Figure 19: The detected fluorescence intensity using three different gains 
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• The second step focused on selecting the suitable concentration of the employed free 

radical, AAPH. Literature screening revealed multiple possible concentrations that 

could be used [148–150], accordingly, 400 µM and 125 mM (high and low 

concentrations) were selected for investigation. They were tested with the fluorescein 

solution, and the results revealed that the higher concentration was able to initiate 

fast and complete curve decay while the other was not; thus, it was selected for the 

experiment (Figure 20). 
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Figure 20: Curve decay of the fluorescent probe over time using two different 

concentrations of the AAPH 

 

• Upon optimisation of the basic conditions, Trolox stock was prepared. A Trolox range 

of 12–150 µM has been identified as the external standard and was used in the 

present work. Outcomes suggested that the concentration range of 22.2–100 µM was 

the most suitable range for the assay, showing a very good response with the free 

radicals and achieving an excellent linear relationship in the calibration curve, as 

illustrated in Figure 21 and Figure 22. This wide range covers variable samples and is 
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comparable to the ranges used in multiple published studies in the literature  [134, 

151, 152].  
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Figure 21: Fluorescence decay curves induced by AAPH for multiple Trolox concentrations 

 

Validation 

After the adjustment of the assay conditions, it was crucial to validate the method before 

regular usage in the AOC studies. Therefore, the modified assay was independently 

performed for five runs. The calibration curve was calculated by plotting the Trolox 

concentrations versus their corresponding AUC values (Figure 22). The correlation coefficient 

for each run is described in  

Table 4, showing a cumulative r of 0.99 ± 0.005, thus, the linearity of the method was ensured. 

 

Figure 22: Trolox calibration curve 
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Table 4: The correlation coefficient, slope and intercept of the Trolox standard curve for each 

run 

Run r2 Slope Y-intercept 

1 0.98 2226.00 76441.00 

2 0.99 2598.00 45345.00 

3 0.99 2604.00 46632.00 

4 0.99 3070.00 26512.00 

5 0.99 3634.00 31737.00 

 

Furthermore, the relative standard deviation (%RSD) and the relative error (%RE) were used 

to express precision and accuracy. As summarised in Table 5, the method showed that the 

%RSD was ˂ 10% and the %RE was within ± 10%; thereby, it was clearly demonstrated that 

the validated assay was specific, precise, and accurate within high criteria. 
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Table 5: Precision and accuracy of the ORAC assay for 5 runs, expressed as relative standard 

deviation (% RSD) and relative error (% RE) 

 Nominal Trolox concentration 37.5 90 

Run 1 Intra-mean 36.5 86.8 

 % RSD 5% 2% 

 % RE 97% 96% 

Run 2 Intra-mean 37.3 91.2 

 % RSD 6% 2% 

 % RE 100% 101% 

Run 3 Intra-mean 39.1 91.4 

 % RSD 5% 3% 

 % RE 104% 102% 

Run 4 Intra-mean 39.1 91.4 

 % RSD 5% 3% 

 % RE 104% 102% 

Run 5 Intra-mean 34.8 90.9 

 % RSD 4% 4% 

 % RE 93% 101% 

 

The ORAC assay has several advantages over other assays, making it a powerful tool in 

antioxidant screening. First, and unlike the previously used assays in this section, it integrates 

the lag time and the initial rate approach, which is especially helpful for plant samples since 

they include several substances and have complicated reaction kinetics [102]. It also provides 

a measurement for both lipophilic and hydrophilic antioxidants [102, 103] Moreover, this 
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assay applies the most biologically relevant free radical; the peroxyl radical (OH˙), and is based 

on fluorometry, which is more sensitive and specific than spectrometry and does not interfere 

with plant constituents [153–155]. Thus, the outcomes can be more meaningfully correlated 

to the in-vivo setting. 

 

For reasons outlined above, ORAC has been widely used in the food research community as 

the AOC assay of choice and was applied to generate the AOC database alone [156] and with 

the F-C assay [157]. The challenges of performing the ORAC assay include the longer 

preparation and analysis times, as well as the fluorometer requirement, as this device may 

not be as readily available to researchers as a spectrometer. In addition, the samples in the 

96-well plate were maintained at a temperature of around 37 °C, which was essential given 

that the reaction is temperature sensitive. This step required avoiding the use of all external 

wells of the plate to guarantee the accuracy and reproducibility of the results. 

Following the earlier prescribed steps, an applicable, accurate, and precise ORAC was 

established and ready to be employed with the prepared plant formulations, along with the 

other mentioned assays. 

 

4.1.1.2. Assays application on plant formulations 

Three plants from Saudi Arabia—resembling roses, leaves, and fruit, as shown in Figure 23— 

were selected for this study. These plants included Taif roses (Rosa damascena trigintipetala 

Dieck), guava leaves (Psidium guajava L.), and dates (Phoenix dactylifera), which were tested 

for the activity upon their preparation into the two formulations: classical hydrophilic extract 

and PlantCrystals. 

 



 

54 

 

 

Figure 23: Macroscopical images of the plant used to produce the plant formulations; (A) 

Taif roses, (B) guava leaves and (C) dates 

 

The plant formulations were prepared using high-speed stirring (HSS), homogenisation (HPH) 

and bead-milling (BM); these techniques allow for the downsizing of the plant materials into 

micro- or even nano-sized particles without the use of any organic solvent or bio-waste. Thus, 

the produced formulations were called PlantCrystals, and as a novel plant concept, they have 

multiple advantages in addition to being an eco-friendly technology [129]. PlantCrystals, 

compared to the conventional plant extracts, have higher amounts of readily available active 

ingredients due to the cell disruption that occurs during processing. While conventional plant 

extracts provide only a limited fraction of plant constituents depending on the constituents 

solubility. The feasibility of the PlantCrystals concept was proved in prior work, where the 

improved antibacterial and antifungal activities of multiple plant materials have been 

demonstrated [19, 20, 158]. However, this section was devoted to exploring their potential 

to enhance the AOC, as this particular activity has not been investigated extensively yet. 

Therefore, a systematic study to examine the effect of plant material and the different 

processes on PlantCrystals sizes and properties was done. 

Hence, Taif rose, guava leaves and date were selected for their well-recognized role as 

antioxidative agents and their known ability to prevent and treat oxidative stress and related 

diseases. Moreover, they are widely exploited as food, nutraceuticals, phytomedicines, 

skincare and cosmetics. 
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In the following section, these plants were prepared into PlantCrystals, in addition to ordinary 

extracts as control samples.  

 

Taif rose 

Taif rose belongs to the Rosaceae family, and it is one of the most important crops of the Taif 

governorate in Saudi Arabia, where there is a special annual festival dedicated to celebrating 

the harvest season with art, food, as well as locally made cosmetics and perfumes (Figure 24). 

Several crude materials using this plant are also produced, such as rose oil, rose concrete, 

rose water, and dried rose petals, which are used afterwards in the perfume, cosmetics, and 

food industries. 

 

Figure 24: Taif rose trees (Rosa damascena trigintipetala Dieck) during the spring of 2022 

 

The Taif rose is rich in many valuable components like essential oils and multi-group 

antioxidants, justifying its popularity as a natural remedy (Table 6). Modern research has 

confirmed the Taif rose’s well-known traditional benefits as an antitussive, relaxant, and for 

topical antiaging [159]. It demonstrates significant antioxidant, anti-inflammatory, 

antimicrobial, anti-tumour, and antidepressant activity [160, 161], in addition to providing 
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migraine relief through aromatherapy treatment [162]. Accordingly, it is a promising 

candidate to be the plant of choice to be formulated into the novel PlantCrystals formulation. 

 

Table 6: Main phytoconstituents of Rosa damascena 

Phytochemical group Major constituents 

Essential oils Citronellol, geraniol, nonadecane, nerol and linalool [163] 

Phenolic compounds Gallic acid, catechin, quercetin,  gallic acid, rutin and 

apigenin [164]  

Alkaloid compounds Berbamine, jatrorrhizine, palmatine, reticuline, 

isocorydine and boldine [165] 

Carotenoid degradation 

products 

β-damascenone, β-damascone and β-ionone [166] 

Mineral contents Phosphorus, potassium, calcium, magnesium, sodium, 

iron, copper and manganese [159] 

Vitamins Vitamins C, A, B1, B2, B3 and K [167] 

 

 

Size characterisation of PlantCrystals 

In the current study, the use of HSS and then HPH on the Taif rose plant successfully produced 

PlantCrystals, with the main particle size of ˃ 5 µm (z-average = 4704.33 ± 919.93 nm) as 

analysed by dynamic light scattering. Figure 25 illustrates the findings obtained using laser 

diffraction, which had a wide volume distribution within the range of 5–220 µm. In 

comparison to the bulk suspension, these sizes appeared to be smaller and the liberation of 

the active constituents of the plant was assumed to occur during the grinding process. 
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Figure 25: Taif rose particle sizes analysis by laser diffraction obtained before processing 

(bulk susp.), after processing with high-speed stirring (HSS susp.) and high-pressure 

homogenisation (HPH susp.) 

 

The last size inspection was done using the light microscope, which agreed with the previous 

results. The HPH suspension (susp.) showed much smaller particles compared to those in the 

bulk and HSS suspension; nevertheless, large micro-particles were still observed (Figure 26). 

Thus, the Taif rose PlantCrystals included particles in the micro range, and they are still 

forming a more effective and stable formulation than the initial suspension. However, the use 

of another grinding method (e.g., BM or smart technology) may generate smaller particles 

and probably higher activity [129]. 

 

Figure 26: Microscopical images of Taif rose formulations; (A) bulk plant suspension, (B) 

processed plant with HSS, and (C) PlantCrystals. (Magnification: 200-fold) 

bulk susp. HSS susp. HPH susp.

Dv (10) (μm) 103.28 82.15 4.81

Dv (50) (μm) 496.33 427.50 14.50

Dv (90) (μm) 1049.83 921.33 40.68

Dv (95) (μm) 1241.67 1080.00 64.45

Dv (99) (μm) 1593.33 1328.33 216.33
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Determination of AOC 

The previously developed assays within the present study were utilised to investigate the 

influence of the grinding process on the Taif rose bio-actives, particularly antioxidants. The 

studies were done using the initial sample (bulk susp.), the intermediate formulation (HSS 

susp.), and the PlantCrystals.  

Overall, as presented in detail in the following part, the release of more active components 

was achieved, resulting in a highly improved formulation with a significance value of < 0.0001.  

 

Determination of flavonoid and carotenoid content 

The content analysis of the samples is described in Table 7 and it revealed the remarkable 

success of the HPH processes to liberate the flavonoid and carotenoid materials. For 

flavonoid, the content significantly increased by more than four-fold, while for carotenoid, 

the improvement was more than eleven-fold. These results confirmed the maximised 

pharmacological potential of the Taif rose PlantCrystals. 

 

Table 7: The flavonoid and carotenoid content of Taif rose plant formulations 

Formulation Flavonoid content 

QE [µg] 

Carotenoid content  

β-CE [µg] 

Bulk suspension 88.81 ± 3.17 2.97 ± 0.58 

HSS suspension 104.67 ± 1.24 4.49 ± 0.23 

HPH suspension 372.81 ± 28.10 34.49 ± 0.50 
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Folin Ciocalteu assay 

This assay was used to estimate the total phenolic content and to determine the AOC of the 

samples. Compared to the initial bulk suspension, the obtained homogenised sample showed 

activity improvement by almost 200%, as it was 573.33 ± 3.03 and reached 1031.56 ± 15.33 

mg GAE, as shown in Figure 27A. 

This finding confirmed the higher phenol content of the PlantCrystals, and also provided vital 

evidence that the compounds in the processed formulations still have significant AOC after 

HPH. 

 

  

Figure 27: Antioxidant capacity of Taif rose plant formulations, (A) using Folin Ciocalteu 

assay expressed as GAE [mg], and (B) using DPPH assay, expressed as IC 50 [µg/mL] 

 

DPPH assay 

For further proof of concept, the plant formulations were analysed using DPPH assay. The 

results are shown in Figure 27B and expressed using IC 50, which is the amount necessary to 

scavenge 50% of the existing free radicals; a lower IC 50 indicates a higher AOC. The DPPH 

values were in total agreement with the F-C assay findings. The AOC increased with decreased 

particle size, eventually reaching 200% AOC improvement for the PlantCrystals sample (0.07 

± 0.004 to 0.04 ± 0.002 µg/mL). 
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Thereby, Taif rose PlantCrystals can be employed as a useful formulation for greater efficiency 

and safety in cosmetics and food instead of the classic extract. In addition to the improved 

bio-active content, this formulation is expected to achieve better bioavailability when applied 

in-vivo; for example, in topical application, because the small particle sizes enhance bio-active 

penetration and skin adhesion [168]. 

The presented data verifies two points: first, the suitability of the selected assays for 

investigating the impact of the grinding process on plant micro-nutrients. Second, it confirms 

the superiority of the PlantCrystals over the traditional plant formulation in terms of the AOC, 

using the Taif rose as a model plant. Therefore, this novel formulation could be the aqueous 

formulation of choice, providing the highly active suspension of Taif roses with zero organic 

solvents and waste. A suggested practical application for this technology can be obtained 

using rose waste resulting from distillation, such as in the rose oil industry, which is produced 

in tremendous amounts every year [169] and expected to be recycled effectively. The rose 

waste PlantCrystals is anticipated to have very good AOC activity, as published studies have 

indicated remarkable activities using plant waste  (e.g., black tea waste PlantCrystals) [130, 

170]. The pruning rose waste also seems to be another good candidate to be formulated using 

this interesting concept, as its substantial bio-potential has been proven; thus, further active 

and economical formulations could be effectively produced [165].  

 

Date 

Date is the fruit of the date palm tree (Figure 28), which is among the oldest known plants 

that have been consumed by humans for more than 6,000 years. There are over 200 date 

cultivars worldwide with differences in taste, texture, and nutritional value. The top 

production countries of dates are Egypt, Saudi Arabia, and Iran [171]; the date in these 

countries has special value and is deeply connected to communities’ history and religious 

beliefs. 

 



 

61 

 

 

 

Figure 28: The date palm tree (Phoenix dactylifera) 

 

Traditionally, in the Arabian Gulf area, date is considered to be a wholistic staple food; so, it 

can be the single element in a meal accompanied by milk or water. Recent studies have 

confirmed this, finding this fruit to contain all nutrients essential for survival, including 

carbohydrates, proteins, lipids, vitamins, minerals, and dietary fibres (Table 8). Additionally, 

and unlike most fruits, the matured date (tamer) can be self-preserved for a long time due to 

its high sugar and low moisture content [172]. Much data has corroborated the numerous 

health benefits associated with date consumption, such as its antioxidant, hepato- and 

nephroprotection, antimicrobial, anti-diabetic, and anti-tumour properties  [173–177]. 
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Table 8: Main phytoconstituents of date 

Phytochemical group Major constituents 

Sugar and organic acid Glucose, fructose, sucrose, oxalic and malic acid [178] 

Amino acids Proline, glycine, lysine, histidine, alanine and arginine 

[178] 

Phenolic and flavonoid 

compounds 

Vanillic acid, gallic acid, syringic acid, coumaric acid, 

caffeic acid, ferulic acid, apigenin, luteolin, quercetin and 

rutin [178, 179] 

Phytosterols β-sitosterol, stigmasterol and isofucosterol [177, 180] 

Phytoestrogens Formononetin, daidzein, genistein, glycitein, 

matairesinol, pinoresinol and coumestrol [177, 181] 

Mineral contents Potassium, phosphorus, magnesium and sodium [178] 

Low molecules antioxidants Glutathione, vitamin C and E [178] 

 

Size characterisation of PlantCrystals 

The concept of PlantCrystals using the BM technique was utilised to maximise plant benefits. 

Size analysis by dynamic light scattering revealed satisfying results, as this process was 

successful to ensure nano-sized particles (z-average = 348 ± 8 nm). Laser diffraction data is 

provided in Figure 29, reflecting the existence of small particles in the range of 3–121 µm in 

the PlantCrystals suspension. It also indicated the mechanism that facilitates the production 

of this fine formulation; the small particle volume of the original bulk suspension, ranging 

from 44–574 µm. The soft texture of this fruit and the high content of soluble fibres is the 

most likely explanation for this result. However, the effects of BM cannot be neglected, as 

this method showed higher efficiency in milling the plant mixture in the previously published 

studies, and resulted in a lower z-average compared to the homogenised sample [129]. 
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Figure 29: Date particle sizes analysis by laser diffraction obtained before processing (bulk 

susp.) and after processing with bead-milling (BM susp.) 

 

As expected, the light microscopic images had provided the same conclusion (Figure 30). The 

bulk-suspension image shows the unprocessed particles and date fibres, while the clear field 

in the other image implies the presence of much smaller particles. As mentioned previously, 

the successful nano-sizing of this plant occurred due to the technique used and the nature of 

the date plant. Therefore, it might be assumed that any plant with a similar nature could be 

ground effectively using BM (e.g., raisins). 

 

Figure 30: Light microscopic images of date formulations; (A) bulk plant suspension, and 

(B) PlantCrystals. (Magnification: 200-fold) 
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Determination of AOC 

The established assays also reflected the evident success of BM to improve the potential of 

the formulation, with p < 0.0001. 

 

Determination of flavonoid and carotenoid content 

The BM process effectively released the plant constituents, as the flavonoid increased 

dramatically, from 6.13 ± 0.90 to 36.12 ± 0.73 µg QE. However, the carotenoid content was 

undetectable in both the initial and final samples. Reviewing the literature revealed that the 

date contains carotenoid but only in minute amounts [182]; therefore, detecting them was 

not possible using the spectrophotometer. A more advanced method is needed to detect 

these active constituents, such as liquid chromatography-mass spectrometry (LC-MS). 

 

Folin Ciocalteu assay 

The obtained values are described in Figure 31A, revealing activity enhancement from 

184.43 ± 1.83 mg GAE (bulk suspension) to 246.28 ± 2.76 mg GAE for the PlantCrystals. 

 

Figure 31: Antioxidant capacity of date plant formulations, (A) using Folin Ciocalteu assay 

expressed as GAE [mg], and (B) using DPPH assay, expressed as IC 50 [µg/mL] 
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DPPH assay 

The AOC study by DPPH showed the outstanding capability of the PlantCrystals to scavenge 

free radicals, as the IC 50 had dropped from 1.85 ± 0.055 to 0.16 ± 0.01 µg/mL (Figure 31B). 

However, the AOC values of both formulations had achieved higher activity than in the date 

sample outlined in the study of Hamad et al., as their date extract of the same cultivars  

(Rashodia date) had IC 50 around 2.8 mg/mL [178]. This emphasises the benefits of using the 

whole plant in the formulation instead of using the extract and limiting the extracted 

elements according to their solubility. Therefore, the use of PlantCrystals enables the better 

availability of the phyto-actives in the formulation in addition to the synergistic effects of the 

plant constituents.   

Based on the study results, it could be concluded that BM is highly applicable for use with 

fruits; mostly soft fruits. The significant improvement in the number of nutrients makes the 

date PlantCrystals a highly practical formulation to be used, for example, with hospitalised 

patients who need enteral nutrition (tube feeding) as a simple and rich food formula. For 

patients with digestive disorders, PlantCrystals also can be helpful in providing a source of 

readily absorbed natural food instead of synthetic formulations containing artificial 

ingredients and sweeteners. 

 

Guava leaves 

Since the ancient times, Psidium guajava L. (Figure 32) has been consumed as a traditional 

remedy in many countries to treat multiple conditions such as caries, wounds, diabetes, and 

gastrointestinal disorders [183]. In Saudi Arabia, the most used part of the plant is the leaves, 

which are thought to be particularly effective for respiratory disorders as an anti-

inflammatory and cough suppressant when used as herbal tea (aqueous extract). Recent 

research has confirmed these traditional claims, not only for the respiratory system but also 

regarding the plant’s antioxidant, cytotoxic, antimicrobial, antidiabetic, antispasmodic, and 

antiplatelet properties [184–188]. 
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Figure 32: Guava tree (Psidium guajava L.) 

 

Several studies have investigated the phytochemical nature of this plant, which has been 

found to comprise a unique mixture, including essential oils, polysaccharides, phenols, 

chlorophyll, vitamins, and minerals, as presented in Table 9. 

 

Table 9: Main phytoconstituents of Guava leaves 

Phytochemical group Major constituents 

Polysaccharides Unsulfated and sulphated guava leaf polysaccharides 

[189] 

Phenolic compounds Quercetin, avicularin, apigenin, gallic acid, catechin, 

epicatechin, rutin, gallic acid and guaijaverin [190, 191] 

Essential oils Pinene, cymene, limonene, cineole, ocimene and 

terpinene [192, 193] 

Mineral contents Calcium, potassium, sulphur, sodium, iron and 

magnesium [194] 

Vitamins Vitamins C, A, B, E, and K [192] 
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Size characterisation of PlantCrystals 

The application of the diminishing size technology was aimed to improve the leaves’ dietary 

values with the advantage of having a natural and eco-friendly formulation.  This aim was 

fulfilled, and thus HPH was effectively utilised as the dynamic light scattering study reflected 

the presence of small particles with a z-average of only 1.50 ± 0.18 µm. The laser diffraction 

investigation also revealed the success of the process, and particles in the range of 2.4–130 

µm were detected in the PlantCrystals (Figure 33). Moreover, the microscopic images were 

consistent with the other results, showing a well-dispersed suspension with very small 

particles (Figure 34). 

 

 

Figure 33: Guava leaves particle size analysis by laser diffraction obtained before 

processing (bulk susp.), after processing with high-speed stirring (HSS susp.) and high-

pressure homogenisation (HPH susp.) 
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Figure 34: Light microscopic images of guava leave formulations; (A) bulk plant 

suspension, (B) processed plant with HSS, and (C) PlantCrystals. (Magnification: 200-fold) 

 

Determination of AOC 

As expected, the positive impact of the HPH technology was reflected in the content analysis 

and the AOC, with a statistical significance of < 0.0001. 

 

Determination of flavonoid and carotenoid content 

As demonstrated in Table 10, flavonoid availability was improved by almost five-fold, while 

the spectrophotometer measurements indicated a carotenoid increase of more than 

fourteen-fold compared to the bulk suspension. Nevertheless, the other studies did not 

specify the presence of a significant amount of carotenoid in this plant [195], therefore, the 

detected chromophores can be due to other plant constituents in guava leaves that have high 

absorption in the same area, like chlorophyll and β-caryophyllene [196, 197]. 
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Table 10: The flavonoid and carotenoid content of guava leaves formulations 

Formulation Flavonoid content 

QE [µg] 

Carotenoid content 

β-CE [µg] 

Bulk suspension 115.86 ± 14.81 6.88 ± 0.26 

HSS suspension 114.71 ± 10.10 6.93 ± 0.30 

HPH suspension 500.88 ± 42.33 99.26 ± 5.54 

 

 

Folin Ciocalteu assay 

The results are shown in Figure 35A; significant improvement in activity was detected, 

increasing from 1229.00 ± 2.97 to 2385.93 ± 12.92 mg GAE for the PlantCrystals. 

 

 

Figure 35: Antioxidant capacity of guava leaves formulations, (A) using Folin Ciocalteu 

assay expressed as GAE [mg], (B) using DPPH assay, expressed as IC 50 [µg/mL] 
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DPPH assay 

A similar trend was observed using the DPPH assay, where the AOC was enhanced to almost 

double the activity, and the IC 50 dropped from 0.04 ± 0.001 to 0.02 ± 0.002 µm/mL  

(Figure 35B). 

In both AOC assays, the poor impact of the HSS process was observed. This phenomenon can 

be explained by the massive induction of oxygen that occurs during this procedure, which is 

prone to degradation of the vulnerable antioxidants after being released, such as vitamin C.  

A comparable scenario occurred during the production of the jasmine tea mixture in the study 

of Abraham et al., as the HHS decreased flavonoid and carotenoid content, as well as the AOC 

[129]. Even the final PlantCrystals formulation was impacted [129]. On the contrary, this 

situation did not occur in the current study, as the further milling effectively allowed for the 

extraction of more valuable active phytoconstituents that tolerated the HPH protocol well. 

The other leaf-based PlantCrystals that were formulated during the course of the study by 

Abraham et al. also showed remarkable success. Sage and laurel leaves had a small z-average 

upon HPH (≈650 nm), with elevated available content and AOC for the final samples. While 

grape leaves using BM had smaller sizes, but unexpectedly, the process did not produce a 

significant increase in the AOC  [129]. Nettle PlantCrystals in the other study exhibited tiny 

sizes with good elevated flavonoid content and AOC activity via F-C assay [168]. In addition, it 

accomplished a more consistent and viable layer on the SC. 

Therefore, HPH is a valuable method for producing guava leaf PlantCrystals; however, the use 

of BM is expected to produce smaller particles, but the net effect on the AOC is questionable. 

Notably, guava leaves contain a significant amount of chlorophyll, which might 

spectrophotometrically interfere with the content analysis assays and the DPPH 

measurement at 400–700 nm [196]. Accordingly, the ORAC assay was further utilised to 

ensure the previous findings and roll out the possibility of obtaining inaccurate data. 
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ORAC assay 

Interestingly, the AOC values determined by ORAC emphasised the same findings 

demonstrated in Figure 36. As the highly improved activity of PlantCrystals formulation was 

observed (3883.35 ± 51.74 µM TE) compared to the bulk (1074.94 ± 229.19 µM TE), in addition 

to the negative effect of the HSS on the AOC (780.61 ± 85.32 µM TE). Ultimately, the ORAC 

can be a useful addition to the assay set to investigate the formulation AOC in a more accurate 

and interference-free way that works in a totally different mechanism. Indeed, the use of this 

assay added more value to the results, as it is a major AOC for plant studies with several 

advantages as described earlier in this section. Accordingly, the ORAC assay was effectively 

used to assess the guava leaf formulations in the current study, as well as for other plants in 

earlier published studies [129, 130]. 

 

 

Figure 36: Antioxidant capacity of guava leaves formulations using ORAC assay, 

expressed as µM TE 

 

Based on the obtained findings, the PlantCrystals concept has proven itself again to be a highly 

effective technique able to maximise the plant’s sample value, particularly guava leaves. One 
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enhancer or as an antiaging ingredient in cosmetics. This potent, eco-friendly and natural 
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preparation can be used in many areas, and it will have a superior economical value since 

leaves are mostly wasted. 

 

------------------------------------------------------ 

 

Summarising this study, the data revealed the advantage of PlantCrystals in terms of the 

antioxidative properties. In addition to the applied downsizing technique, several factors are 

estimated to influence the extent of the detected AOC in PlantCrystals, including: 

1. The amount of the active constituents in the plant material, e.g., guava leave 

PlantCrystals showed the highest improvement of the AOC due to its higher original 

content of antioxidants. 

2. The nature of the antioxidants, as the presence of hydrophilic active constituents, can 

be affected by the aqueous vehicle (stability issue) and by the applied method, i.e., if 

it includes heat and oxygen induction. 

3. The presence of the UV-absorbing chromophore in the plant phytochemicals, which 

may interfere with the spectrophotometric measurement and give misleading data. 

 

Nevertheless, this unique production method has been applied using many other plants from 

all over the world by Griffin et al. [19, 170] Sarfraz et al. [20], Abraham et al. [129–131], Knoth 

et al. [168] and Yassen et al. [198]. The tremendous enhancement of plant bioactivity has 

been observed, as well as antimicrobial, antifungal, and antioxidant activity. 

The AOC characterisation was done using the assays listed in this study (flavonoid and 

carotenoid content determination, Folin Ciocalteu, DPPH and ORAC assays) and some 

published data sets are already released, all of which are cited in this section [129, 130, 168]. 
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Comparing the obtained findings in this work did reveal that the Guava leaves PlantCrystals 

can be selected as the formulation of choice to be used in as novel cosmeceutical product, as 

the skin is the organ of focus in this thesis. Guava leaves PlantCrystals has shown the highest 

AOC, in addition to the presence of high amount of the natural vitamin C and the other 

multiple components that have proven efficacy when applied topically (e.g., quercetin). The 

development of such formulation is a promising approach, but in order to establish a suitable 

method that is able to assess the antioxidative impact of a certain formulation, a feasible and 

novel model must be developed and validated. This work has been done and presented in the 

coming section: the skin model and the current research on PlantCrystals had provided the 

backbone for those prospective studies. 

------------------------------------------------------ 
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4.2. The skin model 

 

 

4.2.1. General investigations of skin properties of porcine ears—intact versus 

impaired skin 

 

The study of the skin model in this thesis began with the measurement of the skin’s 

biophysical properties, including barrier function, hydration, stiffness, pH and colour, using a 

multi-probe adapter MPA 10 device. 

Fifty porcine ears were utilised in this study, which aims to define the standard values for the 

intact skin of the porcine ear ex-vivo model during a period of seven weeks. Furthermore, an 

extensive investigation of the impaired skin features was performed, using three to four 

distinct areas of each ear. Eventually, 194 skin spots were obtained and examined.   

Five probes were used in this study; each one was applied to study a specific skin 

characteristic, as illustrated in Figure 37. 

 

Figure 37: Skin probes used in current study 

Tewameter® TM 300: to evaluate the
barrier function of the skin by
measuring the transepidermal
waterloss (TEWL)

Corneometer® CM 825: to evaluate
hydration based on capacitance
measurement of a dielectric medium

Indentometer IDM 800: to evaluate
skin firmerness/stiffeness using small
indenter of the probe to deform the
skin

Skin-pH-Meter PH 905: to determin
the concentration of hydrogen ions
(H+, protons) and hydroxide ions (OH-)

Mexameter® MX 18: to determine skin
colour by specify the content of
melanin and hemoglobin (erythema) in
the skin
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The concept of using a topical device on skin to estimate its character is an old protocol, and 

still, in rising popularity nowadays. The modern devices are providing fast, accurate and non-

invasive measurement of skin properties via simple application. The more we know about 

these skin properties, the more we understand about skin physiology and pathology. 

Moreover, additional knowledge will be available regarding the associated factors (positive 

or negative) with these biophysical properties. 

Historically, skin colour might be the first studied skin related factor (1953), and consequently, 

seven skin types were categorised using spectrophotometers and microscopes [199]. 

“Melanin granules” were determined to be the single factor defining skin colour. Later, the 

advanced research showed further chromophores that are present in the skin to identify its 

natural colour. They include; melanin (brown), oxyhaemoglobin (red), and deoxygenated 

haemoglobin (blue), in addition to carotene, as an exogenous pigment (yellow-orange) [200]. 

Skin colour determination is a valuable tool in medical science, not only to ascertain race -

which is associated with multiple health factors- but also to understand, diagnosis, and treat 

many pigmentary disorders, e.g., hyperpigmentation and leukoderma [200]. In addition to the 

Mexameter® MX 18, several devices are available to assess skin colour, such as hyperspectral 

imaging [201], noncontact  SIAscopy [202] and chromametry [203]. 

Skin surface pH as another crucial feature, was also among the early factors mentioned in the 

literature [204–206]. The skin’s buffering system was called “the protective acid coat” [207], 

and its relevance to the other body disorders was recognised [208]. Now, this parameter is 

not only of historical value, but it is also of a clinical significance in estimating the skin’s overall 

health, as it is vital to maintaining proper skin functions, like lipid synthesis and aggregation, 

permeability and antimicrobial defence [209, 210]. In this context, pH can be defined as “the 

negative logarithm of the concentration of free hydrogen ions in aqueous solution” [209]. The 

natural pH- range on skin is 4.1–5.8 [210], and its elevation is a sign of a disturbed general or 

localised health, as in the case of the irritant contact dermatitis, atopic dermatitis, and kidney 

disorders, among other conditions [208, 209]. It can be affected by endogenous factors (site, 

age, and sweet) and exogenous factors (cosmetic products and topical antibacterials) [209, 

211]. 
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The third skin property that has attracted considerable attention over the last decade is 

epidermal barrier health. The most significant research documenting its indirect evaluation 

was done by measuring the water in skin in 1980s, depending on the dielectric constant of 

water, expressed as transepidermal water loss (TEWL) and skin capacitance measurements 

(hydration) [212, 213]. Since then, the accumulated common knowledge has confirmed the 

implication of these two parameters, connecting both to clinically related pathogenesis, such 

as the link between the dry skin of elevated TEWL with psoriasis and atopic dermatitis [214–

216]. Furthermore, long-standing methods have since been developed to provide more 

accurate and rapid status estimation. Several devices are currently available to estimate 

TEWL, like the Evaporimeter®, Vapometer®, and AquaFlux AF200® [217]. However, the most 

extensively used device is the Tewameter® TM 300 [217], which was used in this study. To 

assess hydration based on skin conductance, Corneometer® CM 825, DermaLab Moisture 

Unit® and Skicon 200 EX® are used [218]. Based on the same principles, another method has 

recently been published in scientific reports combining a smartphone, hydration probe and 

bio-display to provide instant, accurate, and portable skin hydration reporting [219]. 

The last area of interest is skin stiffness, which was also mentioned in the early 1980s as a skin 

marker linked to other health statuses, e.g. diabetes mellitus and stiff skin syndrome [220–

222]. It gained attention as “the skin’s mechanical behaviour”, manifested in decreased skin 

elasticity affecting both the epidermal and subcutaneous tissues. It was measured using 

tensile testing, and the difference in skin stiffness was observed according to age, sex and 

anatomical site [223]. The updated methods to assess this feature include the use of a 

torquemeter [224], atomic force microscopy [225], ultrasound shear wave elastography [226] 

and the Indentometer IDM 800, which has the advantages of the simple and fast evaluation. 

Therefore, the current study was done employing the multi-probe adapter (Figure 37) to 

provide the deeper understanding of the normal and abnormal skin of the porcine ear ex-vivo 

model. Although this model has been used extensively in skin and cosmetics research to date, 

particularly with the EU banning cosmetics testing on animals in 2009, most of the porcine 

biophysical properties and their subsequent comparison to human skin have not yet been 

determined. Accordingly, the skin investigations in this section were dedicated to fill this gap. 
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4.2.1.1. Definition and classification 

Intact and impaired skin areas were defined on each porcine ear, initially according to the 

visual check-up, and then, using the Mexameter® assessment. After that, they were classified 

according to the erythema level, because all the impaired areas were subjected to erythema 

in variable extend.  

Intact skin was specified as being free of scratches, redness and discoloration. Close 

observation of the impaired skin specified the presence of multiple deformities in the porcine 

ear skin, including erythema at multiple levels, wounds with different depths and sizes, brown 

discolorations and dry crusts.  

The visual assessment revealed that most of the impaired areas displayed erythema and 

wounds of variable severity. Other manifestations like scars and crust were also present, but 

they did not meet the minimum required sample size (three replicates) and thus were 

excluded and considered as non-dominant skin impairment conditions. 

Accordingly, the presentation of the results in this section is organised according to the 

classifications of erythema and wounds. Erythema cases were further sub-grouped according 

to the identified erythema level (Figure 38), while wounds were divided according to the 

visual inspection into penetrating (deep) and non-penetrating (superficial) wounds, in 

addition to the erythema level, as described in Figure 38. 

 

Figure 38: Classified skin erythema level using Mexameter® 

 

Figure 39 provides a photo documentation of four different ears, showing the marked areas, 

first tagged by number and then categorised as described earlier. 
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Figure 39: Examples of included ears in this study; left column shows the whole ear with 

the marker areas where (B) on each ear referred to the blank-intact area, while the 

impaired areas were numbered and then classified as shown in the right column 
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4.2.1.2. Intact skin 

Investigation of the intact skin was done using 49 different porcine ears; the results are 

presented in Table 11. One intact area was excluded because it showed minimal erythema. 

The detected TEWL was 10.64 ± 2.28 g/hm², reflecting a healthy skin barrier with proper 

function that was able to prevent epidermal water loss. On the other hand, the average 

measured hydration was 24.60  ±  9.44, which is considered very dry according to the device 

manual. However, the acknowledgeable standard reference for healthy skin (˃ 40) has been 

specified for human studies; therefore, lower hydration values are commonly considered 

acceptable in ex-vivo porcine skin studies [227] and the obtained values in the current study 

confirmed this conclusion. Skin stiffness, another important skin parameter, was found to be 

0.66 ± 0.23 mm, indicating the low penetration distance of the probe indenter into the skin, 

as the stiffer the skin, the less displacement depth will be found. Furthermore, the surface pH 

evaluation suggested neutral skin (6.38  ±  0.57) compared to the known acidic skin range. 

Finally, the Mexameter® studies indicated normal skin colour, which was classified as photo 

type I: extremely white skin. 

 

Table 11: Skin biophysical properties for intact skin areas 

Skin property Value 

TEWL (g/hm²) 10.64 ±  2.28 

Hydration 24.60 ±  9.44 

Stiffness (mm) 0.66 ± 0.23 

pH 6.38 ± 0.57 

Melanin 49.67 ±  37.95 

Erythema 63.17 ±  36.37 
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The acquired findings were compared to the published data to better interpret the porcine 

skin properties. The comparison showed similar results to many existing studies, while the 

impact of the biological variations was obvious in relation to other studies. Regarding the 

investigation of stiffness, inadequate research on porcine skin was found in the literature 

using the Indentometer; therefore, the complete assessment was limited. 

The first study is that by Keck et al., which was performed in the same lab as in the present 

study. Their TEWL measurement was ≈10 g/hm², while hydration was ≈29, and stiffness 

achieved 0.9 ± 1 mm into the ex-vivo porcine skin [228]. The barrier functions and hydration 

parameters were almost identical, but a softer skin was noted (higher stiffness value). The 

most reasonable explanation is the natural variation among the biological samples. It is worth 

mentioning that the skin in their experiment became even more softer due to the effects of 

time. The authors explained this phenomenon by the effect of rigor mortis, which was 

combined with increased TEWL and hydration. However, the low sample size in their 

investigation compared to the current study also limits the possibility of a direct comparison 

of the findings. 

Other research was also conducted at the same institution by Kaushik et al. They documented 

healthier parameters with lower TEWL values (≈6 g/hm²), and  well hydration state (≈35) 

[229]. Their sample size was also low; however, more hydrated skin was detected in other 

studies in this thesis, up to 34.7, due to the seasonal effect (more hydrated skin was detected 

in winter/spring than summer/autumn) and the 24 h storage in fridge before the experiment. 

Moreover, another publication also documented high hydration value (≈50), but they were 

utilising defrosted and cartilage-free skin [230], So, the skin integrity was impacted by the 

freezing and the process of cartilage removal, which was reflected on changed biophysical 

properties. 

Several factors can cause the fluctuation in skin parameters during a study, such as the lab’s 

relative humidity (high or low), skin storage method (closed or open chamber), and storage 

duration (fresh skin versus skin stored in a refrigerator or freezer) [217, 228]. Other additional 

factors may also directly impact skin status, such as animal age and sex, water exposure, 
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environmental conditions, temperature changes, and pre-slaughter stress [231, 232]. For 

these reasons, the current work was done using fresh intact porcine ears, in controlled 

conditions (temperature of 23 ± 0.6 °C and relative humidity of 54.49% ± 5.77%) at a particular 

season: summer of 2021. 

 

Reviewing the literature had revealed a clear lack of data on the skin properties of ex-vivo 

porcine skin; on the contrary, there have been many reports on the properties of human skin 

due to the simple and non-invasive use of the measurement protocol. 

Therefore, a comparison of the porcine ear model to human skin is feasible and highly 

valuable in highlighting the potential similarities and differences. Although the ex-vivo porcine 

skin model has already been established as a substitute with confirmed similarity to human 

skin, most of the obtained values regarding its properties have been markedly different 

among studies. 

In general, human skin has stronger barrier functions, is more hydrated and softer, with an 

acidic -not neutral- surface. The estimated values are as following:  

• TEWL range of 6 - 10 g/hm² [232–234] 

• Hydration range of 40 - 64 [232–235] 

• Stiffness range of 1.4 – 1.8 mm [236] 

• pH range of 4 – 6 [234, 235] 

One of the main possible hypotheses for these variable values between human and porcine 

skin is the fact that living and non-living skin is being compared; an in-vivo model to ex-vivo 

tissue that no longer has active biochemical reactions and blood circulation. The only way to 

confirm or reject this hypothesis is to measure the skin properties of a living porcine animal.  

Taking skin pH as a main example, reviewing the literature showed few relevant studies, such 

as the one that showed pigs with skin pH of 7.22 ± 0.28 by Ajito et al. [237]. They also 

demonstrated the tendency of the animal’s skin to be within the basic range, as they recorded 

values of 7.07 ± 0.13 in cats, 7.75 ± 0.71 in dogs and 8.46 ± 0.57 in calves [237]. Thus, in the 
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pH comparison, the acquired pH range for the animals involved higher values than the human 

skin due to some differences between the humans and the animals, e.g., environmental 

impact and the lack of eccrine glands in pigs [238]. Regarding the study’s findings, the 

obtained pH for the intact porcine skin now seems lower than that mentioned in published 

data (6.38 versus 7.22). The expected reason is the rigor mortis changes that involve the 

production of acetic acid, which has a very low pH [228]. 

Regarding barrier function measurement, old studies had examined the TEWL in living pigs, 

and interestingly, their reported values were highly similar to those of human skin; 6.29 ± 1.25 

[239] and 7.56 ± 2.90 g/hm² [240]. Therefore, the conclusion could be drawn that the mild 

deterioration in the barrier function in the ex-vivo samples of this study was also due to the 

rigor mortis process (i.e., post-mortem contraction) [228]. 

In the term of stiffness, human skin has been found to be much softer than porcine skin [236]. 

This can be further generalised, as it is also supported by other research comparing the 

mechanical response of ex-vivo human and porcine skin, finding a marked change, explained 

by potential structural differences [241].  

Although the current study has determined some differences in the biophysical properties of 

ex-vivo porcine skin, the suitability of this model has been proven in numerous research due 

to the common anatomical and physiological similarities to the human skin, such as SC and 

epidermal thickness, immunological components, protein and lipid compositions, and hair 

follicle distribution [238, 242]. Therefore, its application as a skin model has been recognised 

for wound healing, transdermal penetration, burns, radiation impact, infectious and 

inflammatory diseases [242, 243]. 

According to the findings of the present study, the normal values of the biophysical properties 

for ex-vivo porcine skin were determined and hence can be used as reference values in future 

studies. Their determination is of high value, as this model is widely used in the scientific 

research, mainly in the field of dermatology and cosmetics, and as mentioned previously, 

there is a scientific gap in this area and an absence of valid reference values. The 
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measurements using this convenient, rapid and non-invasive tool can reveal skin changes that 

might occur during a given condition or treatment. 

 

4.2.1.3. Erythema 

Erythema is manifested by a visible skin redness. It can be developed due to physical injury or 

as a part of the inflammation reaction that can result from skin disorders or overexposure to 

ultraviolet (UV) radiation [244]. This skin response has been utilised extensively in skin 

research to indicate skin status, for example, to evaluate the damage extent of a particular 

treatment and to determine the sun protection factor (SPF) of sunscreen products [59, 244]. 

In a similar way, erythema level was considered to be the primary marker of impaired skin in 

the current study. 

In total, 37 single erythema spots were detected. They included minimal erythema (27 areas), 

slight erythema (5 areas), and diffuse redness (5 areas). Their measured biophysical 

properties are presented in Table 12. 

 

Table 12: Skin biophysical properties for the skin areas with erythema 

 Slight erythema 

(x = 5) 

Minimal erythema 

(x = 27) 

Diffuse redness 

(x = 5) 

TEWL (g/hm²) 11.98 ±  1.65 12.56 ± 2.50 11.84 ±  2.31 

Hydration 13.78 ±  7.70 22.71 ± 10.10 23.41 ±  9.57 

Stiffness (mm) 0.51 ± 0.21 0.67 ± 0.33 0.75 ± 0.41 

pH 6.30 ± 0.41 6.55 ± 0.50 6.20 ± 0.74 

Melanin 46.69 ± 25.51 53.44 ± 26.11 97.71 ± 31.40 

Erythema 128.40 ± 27.35 236.28 ±  57.32 376.56 ± 22.42 
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Compared to the parameters of the intact skin, a mild change in the TEWL was detected, while 

the hydration and stiffness values reflected clear differences with specific patterns; higher 

hydration was positively correlated with higher erythema levels (Pearson r = 0.8610), and 

both resulted in reduced skin stiffness (softer skin; Pearson r = 0.9650). For surface pH, no 

marked differences were found among the samples. 

A logical and simple explanation for this alteration in skin properties can be established by 

understanding the process of inflammation, wherein the localised vasodilation and oedema 

are developed to improve the blood circulation as an immediate response in the affected 

areas. Initially, the vasodilatation begins to enable the local supply of the inflammatory 

mediators [245]. Then, oedema is formed due to the flux of the rich plasma from the 

intravascular tissue into the interstitial compartment in order to deliver antibodies and 

proteins [245]. 

These processes change the function and permeability of the small blood vessels, which 

eventually also changes the physiological functions of the affected organ. In this context, skin 

increased erythema means increased vasodilatation and oedema, thereby elevated the 

bound water in the tissue and softened the skin. Similar observations were the basis of a study 

applying a porcine contact dermatitis model, wherein they graded the inflammatory areas 

according to the visual check-up of the erythema and oedema [246]. 

Although TEWL is considered to be a gold standard for the determination of skin health as 

shown in several reports [217, 232, 247], this erythema study showed otherwise. There was 

no significant difference in this value between skin with erythema and intact skin. However, 

further samples with higher erythema values are needed to identify that impact. Accordingly, 

the use of Tewameter® alone for skin assessment is not recommended to evaluate skin 

health. 

To provide deeper understanding, further analysis using another graphical presentation was 

applied, comparing each impaired area to the intact area of the same ear and calculating the 

% of change. This method can provide more precise comparison from a different perspective. 
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As shown in Figure 40, higher TEWL variation was found. All the values were higher than those 

of the intact skin, indicating affected barrier function. However, this impairment did not 

exceed 116% and 121% in areas with slight erythema and diffuse redness, respectively, but it 

reached 131% for the areas with minimal erythema. It appears that the larger sample size for 

this category succeeded in reflecting the real biological sample differences. Nevertheless, the 

reasons for erythema are numerous, and their impact on the skin barrier is predicted to be 

highly variable. For example, the physical injury resulting from an animal fight will probably 

affecting the mechanical skin integrity more aggressively than the inflammatory response, 

e.g., due to UV exposure. 

 

 

Figure 40: Relative change in biophysical properties for skin areas with erythema, 

expressed as relative change [%] in relation to intact skin off the same porcine ear 

 

In the studies using Corneometer® and Indentometer (Figure 40), as emphasised above, 

hydration and softness increased with elevated erythema levels. Moreover, the comparison 

to the intact skin areas led to interesting findings; their values were markedly lower for slight 

erythema (59% and 64%); with more erythema, the values increased closer to the intact skin 

TEWL hydration stiffness pH

slight erythema 115.77 58.97 64.23 97.89

minimal erythema 131.11 119.33 93.22 100.60

diffuse redness 121.00 136.94 95.88 102.78

0

50

100

150

200

250

re
la

ti
ve

 c
h

an
ge

 [
%

]



 

86 

 

(119% and 93%); and eventually, the values increased to 137% and 95% in the samples with 

diffuse redness, respectfully. Therefore, these findings clarified that skin properties changed 

in relation to the severity of the inflammation process, indicated by the erythema level. Mild 

inflammation resulted in less hydrated and stiffer skin, but with increased severity, the 

process became more serious and higher vasodilatation and oedema were produced, and 

thus elevated the hydration and softness. However, at a certain point, the extreme fluid 

accumulation in the tissue is expected to decrease the softness and make the skin stiffer and 

firmer. Further studies using more samples are required to confirm this hypothesis. 

The surface pH levels revealed minor incremental changes following the same pattern 

observed previously. The expected reason for are the chemical changes of the skin tissue, 

which impact the buffering system, e.g., the dilutional effect of the oedema on the hydrophilic 

constituents, which play a major part in the skin buffering system, including lactic acid, amino 

acids and keratin [248]. 

Evaluating skin erythema is a critical measurement in the field of dermatology. In fact, the 

establishment of the porcine erythematous skin properties could provide the background for 

future studies employing these skin areas as ex-vivo impaired skin model. The value of this 

concept is worthwhile, especially considering the recent clinical study of skin irritation from 

the use of facial masks during COVID-19 pandemic [249]. Their data has disclosed a trend that 

is comparable to our findings: elevated redness associated with decreased hydration and 

TEWL compared to the baseline. 

Accordingly, the current research presents an initial erythematosus porcine skin model as 

promising prospective approach that is biomimetic, applicable and viable as impaired skin 

model. 

 

4.2.1.4. Wounds 

Skin wounds can be defined as the damage to or break in tissue integrity [250], mostly 

occurring on skin and mucosal membranes. There are multiple ways to classify wounds, for 



 

87 

 

example, open or closed, chronic or acute and penetrating or non-penetrating [251]. As the 

main focus of this thesis is the outer skin layers, the classification according to wound depth 

was applied. Accordingly, the wounds in the porcine ears were examined and categorised as 

penetrating and non-penetrating wounds. Otherwise, all the included wounds were open, 

acute, and contaminated with soil. 

 

Penetrating wounds 

Penetrating wounds include open, fresh wounds that have resulted from a stab or cut through 

the skin thickness.  During the course of the study, 67 areas with variable erythema levels were 

identified and evaluated, as shown in Table 13. 

 

Table 13: Skin biophysical properties for skin areas with penetrating wounds 

 Slight 

erythema 

(x = 3) 

Minimal 

erythema 

(x = 24) 

Diffuse 

redness 

(x = 19) 

High   

erythema 

(x = 10) 

Extreme 

erythema 

(x = 9) 

TEWL 

(g/hm²) 

14.67 ± 0.38 16.53 ± 6.81 19.43 ± 4.98 17.33 ± 5.22 21.76 ± 8.78 

Hydration 25.65 ± 8.41 15.45 ± 10.30 18.4 ± 11.34 19.34 ± 10.71 19.00 ± 12.27 

Stiffness 

(mm) 

0.62 ± 0.25 0.60 ± 0.42 0.60 ± 0.29 0.88 ± 0.43 0.93 ± 0.24 

pH 6.74 ± 0.60 6.54 ± 0.47 6.28 ± 0.70 6.34 ± 0.63 6.68 ± 0.19 

Melanin 103.41 ±  65.65 127.66 ±  111.48 129.52 ± 52.45 228.10 ± 138.50 222.49 ±  109.80 

Erythema 117.85 ±  50.10 248.16 ±  40.12 366.32 ±  38.61 473.08 ±  58.48 702.37 ±  119.86 
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Expectedly, and as a direct result of mechanical injury, the Tewameter® measurements 

indicated the impaired skin barrier, which were positively correlated with the extension of 

the erythema (Pearson r = 0.9017). Compared to the intact skin, a significant difference was 

found for all the skin areas except for skin with slight erythema (p < 0.05). 

 

Regarding hydration, most areas had drier skin, except for the wounds with slight erythema, 

as that level of erythema revealed wounds of less severity and thus less barrier damage and 

water evaporation. This dryness was significant in the case of minimal erythema (p < 0.0001) 

and diffuse redness (p = 0.0013). The nature of the injury led to loss of the skin’s bound and 

free water, even though with the concurrent vasodilation and oedema resulted by the 

physical injury. However, looking into stiffness values, the inflammation processes were 

intense enough in the high and extreme erythema samples to soften the skin (0.88 ± 0.43 and 

0.93 ± 0.24 mm). The pH levels mildly fluctuated with no particular pattern. 

 

Calculation the % of change comparing to the intact skin of the same ear had implied 

comparable findings (Figure 41). Indeed, the barrier functions were impacted and strongly 

associated with the extension of erythema. On the other hand, hydration was found to be 

lower in the injured areas, except in the wounds with extreme erythema, where the oedema 

was able to compensate for the water loss even with the presence of the injury. Closer to 

what was shown earlier, stiffness was also improved with the compensating high and extreme 

erythema. 
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Figure 41: Relative change in biophysical properties for skin areas with penetrating 

wounds (PW), expressed as relative change [%] in relation to intact skin off the same 

porcine ear 

 

Non-penetrating wounds 

The extension of the non-penetrating wounds was limited to the skin surface and could be 

caused by friction trauma, e.g., with farm soil. In the current study, 19 samples were identified 

in this category, and the included areas showed minimal erythema (x = 8), diffuse redness 

(x = 6), and high erythema (x = 3), as illustrated in  Table 14. 
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PW + diffuse redness 187.57 80.10 102.60 100.01

PW + high erythema 185.94 76.22 133.13 100.58

PW + extreme erythema 267.01 95.88 156.39 101.49
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Table 14: Skin biophysical properties for skin areas with non-penetrating wounds 

 Minimal erythema 

(x = 8) 

Diffuse redness 

(x = 6) 

High erythema 

(x = 3) 

TEWL (g/hm²) 11.09 ±  5.91 17.73 ±  5.34 26.77 ±  7.45 

Hydration 14.11 ±  8.08 19.82 ±  12.00 7.83 ± 5.46 

Stiffness (mm) 0.60 ± 0.31 0.78 ± 0.47 0.93 ± 0.45 

pH 6.29 ± 0.57 6.34 ± 0.37 6.39 ± 0.30 

Melanin 82.25 ±  39.21 115.69 ± 39.83 188.04 ± 89.32 

Erythema 231.66 ± 40.68 356.17 ± 39.49 503.04 ± 26.92 

 

As expected, TEWL was elevated in all samples compared to the intact skin, with significantly 

meaningful difference in areas with diffuse redness (p = 0.0156) and high erythema  

(p < 0.0001). Moreover, the erythema was positively associated with the degree of barrier 

impairment (Pearson r = 0.9992 with p = 0.0259), as more damaged skin surfaces meant more 

vascular injuries and higher erythema. 

Examining the hydration readings revealed lower hydration than normal, mainly in the high 

erythema samples, which had the driest detectable hydration overall in the study (p < 0.0001). 

No specific pattern was determined due to the absence of the minimal and extreme erythema 

samples, but it appears that hydration values were associated with erythema except for the 

severe injuries that developed high and extreme erythema, where the acute epidermal 

damage countered the oedematous effect. 

Furthermore, stiffness measurements showed a trend similar to the TEWL findings, with 

positive correlation with erythema (Pearson r = 0.9950). This result was a typical example of 

the possible false-positive measurement. The oedema and defective barrier in the wounded 

skin enabled the Indentometer indenter (pin) to rotate deeper in the skin, suggesting its softer 
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nature. Therefore, the biophysical skin studies should always be combined with the visual 

investigation to rule out any possible misinterpretation.  

Another trend was also observed in the mild increase of the skin pH along with the erythema. 

A possible reason for this could be the vascular rupture, leading to a slight change, as the 

blood has a slightly basic pH (7.36 - 7.44)  [252]. 

The calculation of the % of change is demonstrated in Figure 42, indicating additional findings, 

largely regarding the Indentometer readings, where a positive trend was noticed between 

hydration and stiffness. Subsequently, the samples with diffuse redness had the most soft 

and hydrated skin spots. The rest of the results indicated data comparable to that in Table 14. 

 

 

Figure 42: Relative change in biophysical properties for skin areas with non- penetrating 

wounds (NPW), expressed as relative change [%] in relation to intact skin off the same 

porcine ear 

 

These changes in skin properties were in agreement with all the expected consequences of 

the acute physical injury in skin [247, 253]. In matter of fact, this trend (elevated TEWL and 
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decreased hydration) has been observed in many skin disorders, such as stable plaque 

psoriasis [254], scalp seborrheic dermatitis (with no differences in skin surface pH and 

roughness) [255], Werner syndrome and aged skin (with mild elevated pH, skin roughness) 

[256], as well as the skin after treatment with isotretinoin (with elevated erythema and pH 

values) [257]. As a result of skin changes, the SC diffusivity is increased, and higher drug 

permeability is anticipated due to the disturbed barrier function [258]. 

Thus, by characterising wounds in the ex-vivo porcine skin, a useful model can be established 

by employing these naturally occurring wounds. For example, as a wound-healing model or 

for penetration studies of the damaged skin. This model, as in the erythema model, may offer 

a more realistic and natural model that can be easily classified according to erythema level. 

However, a more precise method to classify the wounds (e.g., using Ultrascan UC 22 or 

histological studies) might be needed to distinguish the wound according to the depth of 

injury into the skin. Such a model can be used instead of skin damages induced by tape 

stripping [247], microneedles [253] or acetone treatment [258].  

------------------------------------------------------ 

Therefore, the results of this study had demonstrated the references values for the intact skin 

of the porcine ear model, along with the values of the most common impaired skin 

deformities, including erythema and wounds samples. The classification according to the 

erythema level using Mexameter® was followed, and was successfully able to differentiate 

between the different samples. Moreover, as a one of the kinds, this study can be considered 

a validation study for the skin-probe assessment of the bio-physical parameters of skin to 

characterize different skin conditions. 

Accordingly, a biomimetic model using the naturally occurring impaired skin areas was 

suggested for prospective studies. Additionally, further skin investigation for elasticity, 

roughness and friction can be off additional interest.    

------------------------------------------------------ 
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4.2.2. Skin intrinsic antioxidant capacity 

 

 

As ORAC assay has been used successfully to evaluate the plant's AOC, the study to investigate 

another application of this valuable assay is presented in this section, which is its employment 

to assess the oxidative state of the intact skin. Thereby, the term; intrinsic antioxidant 

capacity (iAOC) has been introduced and used to describe the capability of the skin’s 

antioxidant barrier to scavenge free radicals. The porcine ear was used as an ex-vivo model, 

and the skin was removed via tape stripping technique. 

The essential aim was to define the normal range, and to determine the impact of the various 

conditions on the skin’s iAOC. Therefore, in addition to the re-validation of the assay to be 

adjusted to skin samples, the study had been done in three stages, as illustrated in Figure 43. 

 

 

Figure 43: Study outline of current section 

 

• Using initial skin samples

Stage 1: ORAC validation and optimisation

• iAOC of different ears and different sides of porcine ears

Stage 2: Inter- and intra-individual differences

• Influnce of porcine ears storage at different tempartures on their iAOC

Stage 3: Storage conditions of the ears

• Stability of tapes upon storage at different conditons for multiple time
frames

Stage 4: Storage conditions of the tapes
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ORAC optimisation and validation 

The specificity of the ORAC test has already been demonstrated in the scientific literature 

[134], and the optimal assay conditions were established previously in this thesis. Thus, the 

subsequent phase was adjusting the ORAC response with skin samples. Accordingly, the assay 

was applied to preliminary samples, and the findings demonstrated that the reaction needed 

around 100 minutes to reach the complete decay curve after the addition of skin samples, as 

shown in  Figure 44. This period was longer than the required duration to obtain a complete 

decay curve for Trolox and plant samples. The reason is attributed to the complex nature of 

antioxidants in the skin, with variable response rates (rapid and slow-reacting antioxidants). 

Tocopherol, for example, is one of the primary lipophilic antioxidants and it is a fast-acting 

antioxidant, but glutathione, another crucial skin component, needs a longer response time 

and it is classified as a slow-acting antioxidant [259]. 

This interesting result highlights the superior advantage of ORAC when used to analyse 

biological samples that include several antioxidants. It combines initial rate and lag time 

mechanisms [102], which is eventually highly suitable for AOC detection of both; slow- and 

fast-acting antioxidants. In addition, this protocol provides a direct evaluation of both 

hydrophilic and lipophilic AOC [102]. 

 

0 50 100 150

0

5000

10000

15000

20000

25000

time [minutes]

re
la

ti
ve

 fl
uo

re
sc

en
t i

nt
en

si
ty

ti
m

e 
[a

.u
.]

blank

22.2 µM Trolox

37 µM Trolox

52.5 µM Trolox

75 µM Trolox

90 µM Trolox

100 µM Trolox

skin sample

 

Figure 44: ORAC assay decay curves for Trolox and skin sample 
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Following this step, the assay was validated and a relative standard deviation (% RSD) of ≤ 9% 

verified the method's excellent precision. Accuracy was measured as the relative error (%RE) 

and it was 100% ± 9% for the Trolox samples while the correlation coefficient of the calibration 

curves was 0.99. 

 

Therefore, ORAC was mildly adjusted, and successfully used to estimate the initial iAOC of 

porcine skin, demonstrating its applicability for the intended use. 

 

inter- and intraindividual differences 

As mentioned earlier, this part aimed to investigate the skin AOC of different ears and 

different areas of the same ear. So, the skin iAOC of seven independent ears was tested, in 

addition to both sides of all ears, as shown in Figure 45. A combined protocol including ORAC 

assay and tape stripping had been applied, besides the use of two supporting tools: the infra-

red densitometer (IR-D) and the light microscope. 

 

 

Figure 45: (A) The ventral side of the porcine ear, and (B) the dorsal side of the same ear 

that were used in the intra-individual differences study 
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study of the removed SC by tape stripping 

Via IR-D 

This useful device was employed to indirectly estimate the amount of the removed 

corneocytes from stratum cornea (SC) via tape stripping, as it has been used in multiple 

research reports [122, 138, 139, 260]. In the current study, all the tapes that were obtained 

had been examined by IR-D, and the results are demonstrated in Figure 46. The 

measurements revealed that more corneocytes were removed from the dorsal side than the 

ventral side, with p = 0.0016. 

 

 

Figure 46: Average cumulative protein absorption (%) for dorsal and ventral sides of 

different ears 

 

The average cumulative protein absorption for all the samples was 282% ± 48% for the dorsal 

side and 218% ± 43% for the ventral side. According to the literature, these values represent 

86% ± 15% and 67% ± 13% of the removed SC, respectively, in comparison to the values 

obtained for the total SC (IR-D value of 327% ± 133%) [138]. Using the following equation that 

has been provided by Klang et al. [138] and others [261] to compute the thickness of the 

excised SC, more accurate data could be predicted from the IR-D measurements. 

𝑺𝑪 𝒎𝒆𝒂𝒏 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 =
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Therefore, the SC thickness (calculated from protein mass) was calculated as 6.88 ± 1.18 µm 

for the dorsal side and 5.33 ± 1.06 µm for the ventral side. 

The primary reason for the difference in the number of removed corneocytes is the skin’s 

nature of each side, which allowed the 30 tapes to take more cells from the dorsal side than 

from the ventral side. 

 

In relevance to the current study, a previous report by Turner et al. [262] has described in 

detail many differences between the porcine skin regions. Their research revealed significant 

histological differences in the collected skin from several areas, including the two ear sides. 

Interestingly, there were major changes in the amount of different cell types in each layer, 

such as melanocytes and Langerhans cells, as well as the thickness of the dermis layer. A larger 

number of melanocyte cells was found in the dorsal side, which can be considered a crucial 

factor to increase its iAOC, since they have marked AOC [263]. Additionally, that side exhibited 

greater hair density than skin from all the other body regions [262]. From a physiological point 

of view, the ventral side is susceptible to ear discharges, and these oily secretions may inhibit 

the optimal removal of the horny layer by forming a film on the skin. Even though the film will 

be removed after a few strips, the total quantity of removed SC will be impacted. 

 

Via light microscope  

The microscopical examination of the tapes after tape stripping shows the skin furrows and 

the corneocytes removal pattern. In a similar pattern observed by Klang et al. [138], there 

were clusters in some areas, and other areas on the tape were semi-empty (Figure 47). 

However, the images confirmed the earlier obtained data by the IR-D, as the tapes of the 

ventral side had lesser cell density and fewer clusters. 

200 µm 
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Figure 47: Images of the different tape strips obtained via light microscopy; (A) removed 

SC from the ventral side, while (B) removed SC from the dorsal side of porcine skin 

(Magnification: 200-fold) 

 

Skin AOC 

Initially, the variability of iAOC was examined using skin from seven ears, and assessed at six 

spots per ear (inter-individual). So, Figure 48 shows the average iAOC, which ranged from 150 

to 129 µM TE. No statistical difference was found between the average iAOC of the tested 

ears.  

This result is logical and expected, as the used skin was taken from porcine animals that lived 

in the same conditions; i.e., weather and ultraviolet (UV) exposure. Moreover, they were of 
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the same breed and obtained from one farm during a particular season. The maintenance of 

these factors is critical, as the study of Maibam et al. indicated the difference in the oxidative 

markers among different season in cattle skin [264]. In all breeds, significant higher levels of 

the variable oxidative markers were detected during summer, then in winter and spring. 

 

 

 

Figure 48: Average iAOC of different ears 

 

Additional extensive evaluations of the iAOC were conducted within the same ears (intra-

individual). So, the dorsal and ventral sides of each ear were assessed individually. 

Remarkably, higher values were found from the dorsal side, as illustrated in Figure 49  

(p = 0.0016). 
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Figure 49: Average iAOC for dorsal and ventral sides of different ears 

 

The previous investigations using the IR-D and the light microscope had clearly reflected the 

reason behind these results, which is due to the extraction of more corneocytes from the 

dorsal side than the ventral side. Therefore, and to connect all the data, the correlation 

between the average cumulative protein absorption and its corresponding iAOC was 

computed for every analysed sample (42 areas). With a Pearson's r value of 0.49 and a 

significance level of p = 0.0011, the calculation provides a statistically significant positive 

correlation. 

 

Thereby, the normalised iAOC for each group was calculated using the following equation: 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑖𝐴𝑂𝐶 [µ𝑀 𝑇𝐸] =
𝑖𝐴𝑂𝐶 [µ𝑀 𝑇𝐸]

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (%)
 × 100 

As shown in Figure 50, the findings revealed higher values for the majority of ventral side 

samples. 
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Figure 50: Normalised skin iAOC for dorsal and ventral ear sides 

 

This positive correlation means removing more cells will acquire more antioxidants to be 

detected via the ORAC assay. However, the analysis of each data set for each ear separately, 

revealed a broad correlation range; from 0.3 to 0.7. This variance can be justified by the 

impact of the tape stripping procedure on the IR-D. As was already shown in the microscopical 

images, tape stripping strips off the porcine corneocytes in an irregular pattern, i.e., it does 

not remove the skin layer by layer in a consistent manner. Thus, the IR-D values may have 

been affected by this irregularity, exhibiting occasional imprecise protein absorption [138]. 

However, according to a massive amount of research, the use of this device for the purpose 

of quantifying the removed SC, is of high credibility [122, 138, 139, 260]. 

 

To summarise this stage, it can be stated that the ORAC assay has been successfully employed, 

and accordingly, the baseline for the iAOC of porcine skin was determined. Moreover, this 

method was able to provide distinguished results, e.g., for the different sides of the ear. 

Hence, further studies to identify the best conditions for this model had to be done to regulate 

the routine use in the prospective studies. 
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4.2.2.1. storage conditions of the ears 

In the third part of this study, the influence of ear storage conditions on the skin's iAOC was 

investigated. The findings are expressed in relative to the iAOC value of freshly analysed 

samples. As demonstrated in Figure 51, the storage at ambient temperature for 24 h had 

increased the values by up to 129% (p = 0.0001). But, the storage in the refrigerator for up to 

48 h did not have any impact. 

 

 

Figure 51: Influence of ears storage on the iAOC, for up to 48 h 

 

The obtained findings highlighted the stability of the antioxidants in skin tissue in the 

refrigerator since the storage of the whole ear did not compromise the cell's integrity or 

expose its biochemicals. Tocopherol, for example, remained localised in the mitochondrion 

and endoplasmic reticulum of the cells, and melanin was still in its typical storage location; 

the melanosomes [2]. While the ascorbic acid was kept as it is; freely available in the 

mitochondrion and also in the extracellular space due to its hydrophilic nature [24]. This 

stability of skin antioxidants after storage at 4 ± 1 °C (refrigerator) is in agreement with 

published data that assure the continued vitality of skin cells after storage under similar 

conditions [265]. 
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Looking into the storage at the ambient temperature, 24 h showed elevated iAOC due to two 

reasons. First, the antioxidant impact of the skin flora, assuming the occurrence of the flora 

sprout during the storage, that resulted in a marked increase in the AOC. This assumption 

became a theory, as the literature confirmed the AOC of some skin flora [266]. In addition, 

room temperature is a highly favourable condition for bacterial growth than cold weather 

[267], and tape stripping is one of the applicable methods for collecting skin flora for bacterial 

studies [268]. The second cause for the higher iAOC during storage is the generation of the 

lactic acid due to the post-mortem changes that occur 4-6 h after porcine slaughtering [228]. 

It has been shown that lactic acid has a concentration-dependent AOC [48], and its production 

in the skin rises at room temperature because of the enhanced skin breakdown under such 

condition. 

 

According to the findings of this section, fresh ears storage in the refrigerator for no longer 

than 48 h, was adopted as an efficient storage condition for all the ex-vivo studies in this 

thesis. 

 

4.2.2.2. storage conditions of the tapes 

In the last stage of this study, the stability of the antioxidants in the tapes was investigated, 

as this is a crucial topic in the field of antioxidants research. These substances are susceptible 

to oxidation, photoreaction, and hydrolysis. For this reason, their stability was investigated 

under a variety of situations and time frames. Figure 52 displays the findings, also expressed 

as the % change of the iAOC relative to freshly analysed samples. 
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Figure 52: Influence of tapes storage on the iAOC for up to 8 weeks  

 

After storing the tapes in a refrigerator and at ambient temperature for up to 48 h, 

insignificant changes in iAOC were detected (89% and 103%, respectively). Then, a major 

decline occurred, and a value of 70% for the samples that were held in the refrigerator, and 

59% for those stored at the ambient temperature were detected. In a longer-term study, a 

week of ambient temperature storage increased the iAOC to almost the same level as the 

newly analysed samples (99%). While the longest storage for up to eight weeks at -20 °C, 

revealed no major fluctuation in the iAOC in the frozen tapes. 

When compared to the newly analysed samples, the storage was, overall, promising. For up 

to 48 h, it did retain the iAOC effectively, which offers a very good window for extended 

analysis time in future research. The storage beyond this period impacted the measured iAOC, 

although the skin storage in the refrigerator is routinely followed [269, 270]. However, the 

storage of the entire skin seemed to be completely different from storing the separated skin 

on tapes, since the skin already lost its consistency and became more fragile.   

The iAOC has been boosted after the additional storage at room temperature for up to one 

week, which is consistent with the findings from the third phase of this investigation. The 

main difference in this situation, is that the increment was observed after an entire week, not 

after 24 h. This change can be explained by the preservation of the normal physiology of the 

skin, which supported the growth of microorganisms in the case of storing intact ears. But in 
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the tapes, each SC layer has adhered to a particular tape, and only limited flora growth and 

skin decomposition are expected to occur. 

The literature review indicated the use of variable storage conditions in skin antioxidant 

studies, including -70 °C in a study by Grazul-Bilska et al. [271], 4 °C for biopsy samples in 

other studies [124, 264], and -20 °C for the separated epidermis, biopsies, and excised skin in 

the work of others [272–274]. Furthermore, a temperature of -20 °C demonstrated efficacy 

for the storage of tapes following tape stripping in penetration experiments.[275]. 

Concluding the findings of this section, it was determined that storing the tapes in the freezer 

is the effective method for preserving skin antioxidants over the long term. It inhibited further 

reactivity of the skin's enzymatic and non-enzymatic antioxidants, for up to eight weeks 

without a substantial decrease in the AOC. 

------------------------------------------------------ 

The outcomes from the first section of this study have been ensured the assay standards and 

suitability to be used to assess skin samples. Then, the second part demonstrated the high 

accuracy of the developed model to anticipate the oxidative changes in porcine skin, as it 

revealed the inter- and intra-individual differences. Furthermore, the storage conditions in 

the third section were adjusted, to provide greater repeatability and efficacy in future 

investigations. 

So, according to the studies of this section which were recently published in peer-review 

literature [135], the suggested ex-vivo model is ready to be utilised for further extensive 

applications, with the advantages of being sensitive, versatile and simple to use as a standard 

model in skin-antioxidants research. 

------------------------------------------------------ 
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4.2.3. Treatment impact on skin antioxidant capacity—topical antioxidants 

 

 

The application of various antioxidants to the skin to enhance its oxidative state is well-

established approach in the literature. However, the final effect of these antioxidants on skin 

health cannot be guaranteed, as under certain conditions, they act as pro-oxidants, such as 

in case of the high concentration and in the presence of metals ions [276]. There is a lack of 

current knowledge on this point, and there are no studies on this effect in the in-vivo setting. 

The main aim of this study was, therefore, to validate the ORAC model when used as a 

measurement tool to evaluate the impact of delivering topical antioxidants to the skin. The 

dominant antioxidants in skin are the same ones that are frequently used in cosmetics, and 

hence, they were chosen for this study: ascorbic acid, vitamin E and CoQ10. Two additional 

derivatives were selected to study the impact of the physicochemical differences: ascorbyl 

palmitate and TPGS, as vitamin C and vitamin E analogues, respectively. Moreover, the 

extensive effect of PEG was also studied as hydrophilic vehicle (Figure 53). Multiple 

concentrations were used in this study to investigate the accuracy of the method and the 

effect of the different concentrations on the net skin AOC. 

 

 

Figure 53: Study outline of current section 

• Ascorbic acid 

• Vitamin E 

• Coenzyme Q10

• Ascorbyl palmitate

• TPGS

• PEG

Effect of topical agents on skin antioxidant capacity
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4.2.3.1. Ascorbic acid 

Ascorbic acid is an essential molecule in skin, and it is also one of the most used antioxidants 

in cosmeceuticals. Many studies confirm its rising popularity as collagen expression and 

wound healing enhancer, photoprotective and anti-pigmentary [74, 277]. 

For these reasons, ascorbic acid was chosen as the first antioxidant to be applied and studied 

when using this model. Figure 54 shows the chemical structure of L-ascorbic acid as a water-

soluble weak acid. It is easily degraded by oxygen, light or temperature changing to L-dehydro 

ascorbic acid, which makes its formulation challenging. Many strategies are used to overcome 

this issue, such as the use of more stable derivatives and formulation modifications. 

 

 

Figure 54: The chemical structure of L-ascorbic acid 

 

It has poor oral bioavailability, which results in an inadequate supply for peripheral organs 

such as skin. Consequently, the local route is the main route to provide the skin with this 

resource for the promotion and preservation of its overall health. In cosmetic formulations, 

ascorbic acid and its derivatives are used in varying concentrations, from 5% up to 30%. 

However, 30% is associated with a higher incidence of skin irritation [74]. 
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in-vitro studies  

The antioxidant capacity (AOC) of ascorbic acid solutions (1%–30% (w/v)) were investigated 

via DPPH and ORAC assays. The results revealed a concentration-dependent AOC, as 

illustrated in Table 15 and Figure 55.  

 

 

Table 15: Values of the in-vitro AOC studies of ascorbic acid solutions 

Ascorbic acid solutions 

(w/v) 

DPPH 

(IC 50 [mg/mL]) 

ORAC 

(AOC [µM TE]) 

1% 1.61 × 10¯2 ± 2.15 × 10¯3 2.25 × 104 ± 4.92 × 102 

5% 3.42 × 10¯3 ± 3.48 × 10¯4 1.16 × 105 ± 7.50 × 103 

10% 1.88 × 10¯3 ± 2.58 × 10¯4 1.45 × 105 ± 1.90 × 104 

20% 8.32 × 10¯4 ± 4.19 × 10¯5 3.11 × 105 ± 3.56 × 104 

30% 5.27 × 10¯4 ± 2.74 × 10¯5 2.11 × 105 ± 2.92 × 104 

 

 

They showed a linear correlation of r = 0.97 up to 20%, but then the 30% solution expressed 

a lower AOC by a two-third fold. The DPPH assay did not detect this decrease in AOC. The 

most possible reason for that is the difference in the measurement approach of each assay. 

The fluorometry provides greater sensitivity and specificity than spectrophotometry, which 

eventually leads to more precise and accurate readings using ORAC [153–155]. This pattern is 

applied to all results obtained by these two assays in this section. 
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Figure 55: in-vitro AOC values of ascorbic acid solutions (A) using DPPH assay expressed as 

IC 50 [mg/mL], and (B) using ORAC assay expressed as AOC [µM TE] 

 

The concentration-dependent in-vitro AOC behaviour of this molecule is already established 

since 1986 [278]. Furthermore, it has been found recently that even in an animal study, the 

clinical outcomes were dependent on the applied concentrations [279]. The results in this 

study are therefore totally in line with the literature. However, the exact AOC values cannot 

be compared to other studies due to the difference in the used chemicals and devices. 

 

ex-vivo studies  

Biophysical skin properties 

The used porcine skin showed normal barrier functions and hydration. Trans epidermal water 

loss (TEWL) was 9.93 ± 2.21 g/hm² while hydration was 28.73 ± 15.11. 

 

Removed SC by tape stripping 

In this study, stratum cornea (SC) was removed by tape stripping and then extracted and 

analysed. The IR-D values were measured for each tape. The cumulative values were 

employed to establish the average thickness of the SC that had been removed and used for 
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the AOC studies. Subsequently, the average SC removed from the three porcine ears was 

calculated as 5.98 ± 0.56 µm. This represents the depth that was reached by the tape 

stripping, and represents about 75% of the whole SC of 7.96 µm reported in the literature for 

porcine skin [138].  

In detail, the average thickness of each of the three levels was as follows: 

• 1st 10-layers equalling 2.42 ± 0.29 µm 

• 2nd 10-layers equalling 2.00 ± 0.22 µm 

• 3rd 10-layers equalling 1.57 ± 0.20 µm 

The first ten layers removed larger amounts of corneocytes. This pattern was observed in all 

the studies using tape stripping and reported in this thesis. Moreover, the literature revealed 

similar observations when using this approach; corneocytes amount per strip decreased with 

the increased stripping depth [139, 280]. A likely explanation was reported by Jacobi et al. 

which is the higher cohesion force between the corneocytes with the increased tape stripping 

depth into the SC [280]. 

Small SDs of the average thickness values of the three ears confirm the uniformity of tape 

stripping procedure. It also indicates the high level of physiological similarities between the 

ears, as reflected in the thickness of the SC layers removed. 

 

Skin AOC after treatment 

Application of the solutions influenced the skin AOC significantly (Figure 56). The increased 

AOC was detected linearly up to 20%, and then there was a decline for the 30% treated area, 

which had almost the same AOC as the area treated with 10%. This particular result was in 

line with the in-vitro studies. It appears that at 30% the solution undergoes an in-vitro pro-

oxidation reaction due to the high concentration, which consequently, decreases AOC and 

the ex-vivo effect.  
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Figure 56: Relative AOC of the skin after treatment with ascorbic acid solutions (1 - 30% 

(w/v)), expressed as relative AOC [%] in relation to untreated skin 

 

Several studies already reported this molecule's ability to increase skin resistance against 

oxidative stress and protect it from the environmental pro-oxidants by transfer of electrons 

and/or donation [74, 75]. However, only a particular study by Pinnell et al. studied the 

behaviour of several doses of up to 30% in pig skin by the detection of percutaneous 

absorption [281]. They found that it occurred in a dose-dependent manner, and the 20% 

formulation achieved maximal penetration. The higher doses of 25% and 30% were less 

effective in improving the cellular level of ascorbic acid, in full support to our findings.  

The inability of the higher concentrations to further improve the skin AOC can be justified by 

the saturation of active and inactive permeation pathways of the ascorbic acid. According to 

reported data, sodium-ascorbatecotransporter-1 (SVCT1) is responsible for its active 

transportation in the epidermis tissue [75]. While the inactive transport can be estimated by 

the simple solvent drag mechanism as expressed by Kaushik et al. [229]. 

Interestingly, several points can be extrapolated from the responses obtained following 

treatment with ascorbic acid solutions in this study. First, the results indicated high sensitivity 

and accuracy of the method used to assess the effect of ascorbic acid on skin. The different 

concentrations had a detectable variable effect on skin AOC.  
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Second, the ability of this treatment to improve skin AOC was shown to be concentration-

dependent, increasing up to 20%. However, it would be safe to apply a 30% solution, as it did 

not harm the skin or acted as pro-oxidant. The likely explanation for the lower AOC that 

resulted from this high concentration are the in-vitro pro-oxidative reaction and the 

saturation of the transport pathways 

Last but not least, the highest concentration at which ascorbic acid can be used as a simple 

solution is 20%, with an improvement of 191% ± 32% (p = 0.0186). For the future studies, it 

will be interesting to investigate the influence of the different vehicles on the AOC 

performance, as in this study a primary solution was used to rule out any other factors. 

A deeper analysis was required to determine the extent of skin AOC improvement with the 

best formulation. For that, each layer of untreated skin and skin treated with 20% was 

separately analysed and plotted. As shown in Figure 57, the improvement in skin AOC 

occurred mainly in the first 10 layers of the SC. This result is fully in line with the known 

penetration profile of this antioxidant, as it is extremely hydrophilic and always challenging in 

dermal delivery.  

 

 

Figure 57: AOC of the skin layers after treatment with ascorbic acid solution (20% (w/v)), 

expressed as AOC [µM TE] compared to untreated skin 
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In the next step, data normalisation was done using the significant correlation between skin 

AOC and the corresponding protein absorption using IR-D. Normalisation was used to rule out 

the effect of the varying amounts of SC being removed via tape stripping, which may act as 

an influencing factor regardless of the procedure accuracy. 

These results are illustrated in Figure 58 and show a slightly different finding compared to the 

non-normalised data, where 5% ascorbic acid achieved the highest improvement in the skin 

AOC, with up to 200% ± 23% (p = 0.0047). Although the 5% solution superiority, all the 

concentrations were able to improve skin AOC significantly, except for the 1% and 30%.  Thus, 

normalisation may provide a more concrete effect and it can be used as a supportive analysis 

in the further studies. Again, the high safety potential of the dermal ascorbic acid for all 

concentrations up to 30% has been highlighted as none of the used solutions acted as pro-

oxidant on skin. Moreover, their efficiency in enhancing the AOC of the SC, as an outer skin 

layer, have been proven, which thereby should expand the resistance to the environmental 

pro-oxidants. 

 

 

Figure 58: Relative normalised AOC of the skin after treatment with ascorbic acid 

solutions (1 - 30% (w/v)), expressed as relative AOC [%] in related to untreated skin 
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AOC after the application. However, this scenario was not noted for the non-normalised data, 

as the amount of the removed SC was not considered. 

Improvement of AOC in all 30 SC layers has been found using normalised data, even in the 

deeper layers represented by the last SC layer after removal of 20 tapes (Figure 59). These 

highly significant (p = 0.0005) results are supported by the remarkable effect of ascorbic acid 

use in the clinical setting. Such as the double-blinded study by Humbert et al. which showed 

significant improvement in photodamaged skin after six months of daily application with 5% 

ascorbic acid [282].  

 

 

Figure 59: Normalised AOC of the skin layers after treatment with asocrbic acid solution  

(5% (w/v)), expressed as normalised AOC [µM TE] compared to untreated skin 

 

The permeation of ascorbic acid is known to be poor and limited to the SC. This is especially 

true when it is present as charged molecules, as in this study's solutions. Many strategies are 

used to enhance its permeation and penetration, such as combining it with ferulic acid to 

lower the formulation’s pH to keep the ascorbic acid uncharged [283]. Other strategies 

include the use of more lipophilic derivatives, although some of them did not show the same 

efficacy as ascorbic acid [284].  

The findings of this study are of significant value in the field. Because the determination of 

ascorbic acid levels in skin tissue is not always possible and there is a gap in the literature 
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regarding this matter [74]. Thus, measuring it indirectly via our method could be a highly 

acceptable alternative method. 

 

in-vitro and ex-vivo correlation study 

The correlation studies are summarised in Table 16, as expressed by the Pearson correlation 

coefficient (r). The results disclosed a highly significant correlation between in-vitro AOC 

studies and the AOC of the skin obtained by tape stripping. The correlation was positive in the 

case of ORAC, while it was inverted in the case of the DPPH data, where the results were 

expressed as IC 50, which means that lower values had high AOC levels. Thereby, for the 

ascorbic acid solutions, it is possible to use these AOC assays to estimate the ex-vivo response. 

While ORAC and DPPH assay are already in use to assess the topical antioxidants formulations 

[285], further studies can be done to investigate if the correlation is still significant with the 

presence of more additives and excipients in the advanced cosmeceutical formulations. 

 

Table 16: Values of the correlation studies between in-vitro and ex-vivo AOC using ascorbic 

acid solutions (1 - 30% (w/v)) 

 Average skin AOC Average normalized AOC 

ORAC assay (in-vitro) r = 0.9677 

(p = 0.0069) 

r = 0.4223 

(p = 0.4788) 

DPPH assay (in-vitro) r = -0.9059 

(p = 0.0342) 

r = -0.7583 

(p = 0.1374) 
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4.2.3.2. Vitamin E 

Vitamin E is one of the most dominant antioxidants in biological tissues. It is an essential 

component in the epidermal antioxidant barrier, mainly localised in the deeper skin layers. It 

protects the skin as a free radical scavenger, photoprotective and antitumorigenic agent. 

Several isomeric forms of this vitamin are present, and they are mainly divided into the 

tocopherols and the tocotrienols. In the skin, the prevalent forms are α-tocopherol (≈90%) 

and γ-tocopherol (≈10%) [2]. Figure 60 shows the chemical structure of α-tocopherol, which 

is characterized by its highly lipophilic character, small molecular weight and a chromanol-

ring structure [286]. 

 

 

Figure 60: The chemical structure of α-tocopherol 

 

In cosmetics, vitamin E is available in several forms, such as α-tocopherol, α-tocopherol 

acetate, Trolox, TPGS and mixed tocopherols oil, which were used in this section. Vitamin E in 

all its forms is used extensively as an antioxidant, as a formulation stabilizing antioxidant, and 

as a skin-conditioning agent, with or without ascorbic acid, in dosages from 2% to 36% [287]. 

 

in-vitro studies  

The AOC results of vitamin E solutions in miglyol are illustrated in Table 17 and showed a high 

antioxidant potential, although it is not more than the ascorbic acid. They revealed a similar 

pattern to that observed with ascorbic acid, in which concentration-dependency and higher 
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accuracy in AOC determination were obtained by ORAC (Figure 61). There was a linear 

correlation when using ORAC (r = 0.93) but a poor correlation when using DPPH (r = 0.39). 

This result is consistent with Im et al. study, who also described the concentration-dependent 

AOC of the tocopherols using six concentrations by the ABTS radical assay  [288]. Interestingly, 

the most potent tocopherol was γ-tocopherol while β-tocopherol showed the lowest potency 

[288]. So, the in-vitro assays can be used efficiently to investigate the AOC of vitamin E 

formulations, including the use of ORAC and ABTS assays, and with lower accuracy, the DPPH 

assay. 

 

Table 17: Values of the in-vitro AOC studies of vitamin E solutions 

Vitamin E solutions  

(w/v) 

DPPH 

(IC 50 [mg/mL]) 

ORAC 

(AOC [µM TE]) 

1% 4.46 × 10¯1 ± 2.37 × 10¯2 1.01 × 104 ± 1.61 × 102 

5% 4.14 × 10¯2 ± 4.56 × 10¯3 5.75 × 104 ± 3.43 × 103 

10% 1.81 × 10¯2 ± 1.70 × 10¯3 8.19 × 104 ± 1.02 × 104 

20% 9.70 × 10¯3 ± 2.54 × 10¯4 1.97 × 105 ± 1.38 × 104 

30% 6.14 × 10¯3 ± 4.22 × 10¯4 2.07 × 105 ± 1.87 × 104 
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Figure 61: in-vitro AOC of vitamin E solutions (A) using DPPH assay expressed as IC 50 

[mg/mL], and (B) using ORAC assay expressed as AOC [µM TE] 

 

ex-vivo studies  

Biophysical skin properties 

Skin probes indicated a relatively impaired barrier function in the porcine skin that was used 

in this study, with a TEWL of 23.97 ± 6.32 g/hm². The skin hydration was in the normal range 

at 21.28 ± 4.31.  

According to an investigation done by Tsai et al., defective barrier functions affect the 

percutaneous absorption of hydrophilic and amphipathic compounds only [258]. Therefore, 

the elevated TEWL was considered to have an irrelevant impact on the performance of this 

study. 

Removed SC by tape stripping 

IR-D studies revealed that 92% ± 3% of the SC was stripped from the skin through this action, 

which was the equivalent of 7.36 ± 0.23 µm. The depth of each layer was as follows:  

• 1st 10-layers equalling 3.26 ± 0.27 µm 

• 2nd 10-layers equalling 2.34 ± 0.18 µm 

• 3rd 10-layers equalling 1.76 ± 0.31 µm 
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The difference in the amount removed compared to the previous study can be explained by 

two factors. The first factor to be considered is the formulation effect. The solvent used here 

was miglyol, while water was used with the ascorbic acid. As already shown in the literature, 

the characteristics of the topical formulation may influence the tape stripping and modify the 

amount of removed corneocytes [289] because the formulation has the ability to modify the 

skin parameters, such as the hydration [227], and thus the cell adhesion and SC mechanical 

properties. Consequently, the use of tape stripping protocol after applying variable 

formulations can result in variable amounts of the removed SC. 

 

The other factor is the physiological properties of skin, because it is naturally variable among 

pig species. Additionally, weather, including ultraviolet (UV) light and temperature, may 

influence skin even within the same animal from day to day. For this reason, the study was 

done using three ears obtained from the same farm and the same kind of pig. Moreover, the 

control sample had to be prepared individually for each experiment to ensure the accuracy 

of the results.  Therefore, and because of these two factors, the skin used in a particular study 

cannot be directly compared to the skin used in another study which was done at a different 

time with a different formulation, i.e., ascorbic acid and this study. 

 

Skin AOC after treatment 

The application of vitamin E on skin resulted in improved skin AOC, of up to 130% ± 5% for 

the 30% solution. Unexpectedly, there was an insignificant difference between all the results 

obtained (Figure 62). On comparing the results of the different solutions, unlike ascorbic acid, 

there was no clear concentration-dependent response. 



 

120 

 

 

Figure 62: Relative AOC of the skin after treatment with vitamin E solutions 

 (1 - 30% (w/v)), expressed as relative AOC [%] in relation to untreated skin 

 

This finding can be explained by the biochemical nature of both antioxidants, where ascorbic 

acid is a charged hydrophilic molecule while vitamin E is a low molecular weight lipophilic one. 

According to known knowledge for dermal drug delivery of vitamin E, it is a permeable 

molecule, and thus, it is very likely that its effect in the skin will not be detected by tape 

stripping, where measurement is limited to SC. 

The cumulative expertise is supporting these results, as the study of Traber et al. [290] in 1998 

compared the distribution of the topical tocopherols into the skin layers and demonstrated 

their rapid penetration in 0.5 h. Most importantly, they found the largest portion in the 

deeper subcutaneous layers. Their likely explanation was the ‘lipophilicity gradient’, which 

made the molecules permeate rapidly toward the lipid secretory organ, sebaceous glands. 

This theory can be logical if we consider its low molecular weight, which will facilitate passive 

diffusion. 

Another more recent study by Nada et al. [291] is supporting this argument. They failed to 

detect the α-tocopherol in SC after the repeated application with several formulations.  

More reports assured the permeation of the tocopherols and their derivatives [287], but, 

however, there are no solid data describing the penetration ways into the skin and the precise 

reason for the vitamin E good penetration profile, as its profound hydrophobicity (calculated 
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as log P ≈ 9) should theoretically inhibit it. One interesting hypothesis to explain this 

phenomenon is the presence of α-tocopherol transfer protein (α-TTP) in skin [292]. This 

protein has been detected, mainly in hepatic tissue, as a special binding protein that 

transports α-tocopherol from the liver to the bloodstream to maintain its normal 

concentration [293]. Nevertheless, until now, it had not been identified in peripheral tissues 

like skin. Further understanding of the vitamin E pathways in skin is an interesting research 

area for an unresolved question. 

 

The analysis of skin layers treated with 5% and 30% solutions is illustrated in Figure 63. It 

clearly shows AOC improvement in the second layer after 5% application, with improvements 

observed in both the first and second layers in the area treated with the 30% solution. The 

difference between these two formulations supports the anticipated penetration of vitamin 

E in skin. With the low concentration, the active ingredient penetrated the deeper layers and 

thus the elevated AOC was detected in the second layer only. With a higher concentration, 

the permeation pathway may become saturated, which allowed the vitamin to remain in the 

first layer. It is worth mentioning that the thickness of the first and second removed layers of 

SC by tape stripping in this study was higher than in the previous study (5.6 µm ≈76% of the 

total removed SC), which means more corneocytes were removed and analysed. Therefore, 

the impact of this factor could be neutralised, and the normalised AOC needed to be 

calculated. 
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Figure 63: AOC of the skin layers after treatment with vitamin E solutions   

(5% and 30% (w/v)), expressed as AOC [µM TE] compared to untreated skin 

 

The normalised AOC data delivered the same results as the earlier ones, where vitamin E 

improved the skin’s AOC insignificantly and with a non-linear response. However, the 5% 

solution, as shown in Figure 64, achieved the highest AOC (139% ± 33%). The high SD here 

can be explained by differences in the SC removal pattern due to initial biological variations 

in the porcine skin used.  

 

 

Figure 64: Relative normalised AOC of the skin after treatment with vitamin E solutions   

(1 - 30% (w/v)), expressed as relative normalised AOC [%] in relation to untreated skin 
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The assessment of normalised skin AOC of the separate layers presented almost the same 

findings (Figure 65). The 5% solution improved the deep layer only, but mild AOC 

improvement was obtained with the 30% formulation in the first and second layers. This 

effect can be due to the saturated pathways of the active ingredient through skin, or it may 

be due to the formulation difference between the 5% and the 30%, as the last one was more 

viscous, which prevents its optimal penetration. The formulation effect on the penetration is 

already well-known in the literature as a highly influencing factor [294]. 

 

 

Figure 65: Normalised AOC of the skin layers after treatment with vitamin E solutions (5% 

and 30% (w/v)), expressed as normalised AOC [µM TE] compared to untreated skin 

 

Although the current model has multiple advantages (easy to apply, cost-effective, versatile 

and possible to be used in-vivo), the obtained finding leads to the main limitation, which is 

the unlikely detection of the antioxidants with a high penetration profile: vitamin E is a classic 

example. Other actives with the same physicochemical properties are expected to show the 

same behaviour, such as ascorbyl palmitate and α-lipoic acid. This limitation is caused by the 

used technique; tape stripping, which is used to study only the SC. Therefore, the suggested 

model has been capable only to detect the effect that occurred in the SC, not beyond, as 

shown in Figure 66. Including another technique in addition to the tape stripping will 
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overcome this restriction, like the use of skin biopsy to be analysed by ORAC. Thus, the effect 

of the vitamin will be known on the SC and the deeper epidermis as well. 

 

 

 

Figure 66: Hypothetical pathways for vitamin E and ascorbic acid in skin after the topical 

application of finite doses, followed by the tape stripping procedure which remove the SC 

layer in the treatment area; 30 tapes have been used and thus 30 SC layers were removed 

and analysed by ORAC assay 

 

Nevertheless, the model is still with a very high value. The oxidative state of SC is reflected in 

the overall skin health, thereby, it is crucial to study and understand all the possible  
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influencing factors, including the use of topical antioxidants. Moreover, SC as the main 

protective skin layer with the antioxidant barrier is targeted in many treatment strategies, 

e.g., sunscreens and corneotherapy. 

 

For further estimation of the model capabilities, more investigation was necessary to validate 

the method and to build the theory, which will be presented in the following sections using 

other compounds that are commonly used in the dermal formulations. 

 

in-vitro and ex-vivo correlation study 

As the effect of the vitamin E solutions on SC was not concentration-dependent, the in-vitro 

AOC studies cannot be used to predict the ex-vivo results for this model, as shown in 

Table 18. Similar findings can be predicted for the highly penetrating antioxidants, because 

they will not be retained in the SC and thus detected by the tape stripping. Anyhow, the 

correlation study can be promising if the deeper layers beyond the SC were included. 

 

Table 18: Values of the correlation studies between in-vitro and ex-vivo AOC using with 

vitamin E solutions (1 - 30% (w/v)) 

 Average skin AOC Average normalized AOC 

ORAC assay (in-vitro) r = -0.1362 

(p = 0.8272) 

r = -0.2707 

(p = 0.6596) 

DPPH assay (in-vitro) r =0.4827 

(p = 0.4102) 

r = -0.05591 

(p = 0.9289) 
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4.2.3.3. Coenzyme Q10 

Coenzyme Q10 (CoQ10) or Ubiquinone is one of the most dominant antioxidants in biological 

tissues, and it is characterized by quinone functional group. The reduced form of it is known 

by the name ubiquinone, while the oxidized form is called ubiquinol. Both are dominant in 

biological tissues, diet and cosmetics [295]. Number 10 in the name CoQ10 refers to the 

number of isoprene groups in the molecule, as illustrated in Figure 67 [2]. 

 

 

Figure 67: The chemical structure of CoQ10 (Ubiquinone) 

 

CoQ10 is well-known for its major role in the electron transport chain in the mitochondria, 

cell membrane and low-density lipo-proteins. As can be expected from the structure, it is a 

highly lipophilic antioxidant with a large molecular weight (863.3 g/mol), which makes its 

delivery to biological tissue extremely challenging. However, it is frequently used in skin 

cosmetic products with proven efficacy and fair popularity. It is used in concentrations of 

0.5-3% as an antiaging and topical antioxidant [296, 297].   

 

in-vitro studies  

The AOC of CoQ10 solutions was obtained by ORAC assay, as illustrated in Table 19. They 

showed a linear correlation with r = 0.99 (Figure 68).  
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Table 19: Values of the in-vitro AOC studies of CoQ10 solutions 

CoQ10 solutions  

(w/v) 

ORAC 

(AOC [µM TE]) 

0.5% 1.21 × 104 ± 1.58 × 102 

1% 4.95 × 104 ± 5.81 × 102 

2.5% 1.36 × 105 ± 6.67 × 103 

5% 2.60 × 105 ± 2.78 × 103 

 

However, it was not possible to use the DPPH assay for CoQ10 AOC determination, due to the 

formation of a reaction mixture that has high UV absorbance in the 517 nm area, where DPPH 

peak absorption is measured in the assay. Accordingly, the DPPH reading could not be 

distinguished, and the assay could not be performed.  

The UV spectrum for the DPPH solution alone, CoQ10 alone, and the DPPH-CoQ10 chemical 

product are demonstrated in Figure 69. 

 

 

Figure 68: in-vitro AOC of CoQ10 solutions (0.5 - 5% (w/v)) using ORAC assay, expressed as 

AOC [µM TE] 
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Figure 69: The UV spectrum (450 -550 nm) of 0.2 mM DPPH, CoQ10 solutions and mixtures 

of 0.2 mM DPPH with CoQ10 solutions to perform the DPPH assay 

 

The spectrum of the DPPH showed high absorbance in the area of 450-550 nm, while the 

solutions of CoQ10 did not show similar absorbance in that area. Nevertheless, after the 

interaction with the DPPH for 30 min according to the assay protocol, the resulted solutions 

demonstrated very high absorption in the measurement area. For a higher concentration of 

the CoQ10, higher absorption was obtained i.e., higher than the values of the DPPH solution 

alone. This leads to the explanation of a reaction product between DPPH and CoQ10 building 

up in a concentration dependent manner and showing an absorbance overlapping with the 

pure DPPH. A similar overlapping has been observed with carotenoid-rich formulations in 

other studies, because they, too, have strong absorbance on the same wavelength as the 

DDPH [129, 168]. Accordingly, this overlapping shows that DPPH is an unsuitable assay for the 

AOC determination of CoQ10 formulations. 
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ex-vivo studies  

Biophysical skin properties 

Barrier functions and hydration status were within the normal range, with values of 

5.49 ± 0.98 g/hm² and 21.97 ± 1.59, respectively. 

 

Removed SC by tape stripping 

An average thickness of 6.46 ± 0.43 µm was obtained from the SC of the three ears. This 

represents 81% ± 5% of the complete SC layer, as mentioned in the literature. Each separate 

layer represented the following depth: 

• 1st 10-layers equalling 2.83 ± 0.23 µm 

• 2nd 10-layers equalling 2.09 ± 0.17 µm 

• 3rd 10-layers equalling 1.53 ± 0.21 µm 

The same solvent used in the vitamin E study was used here (miglyol) and the amount of skin 

removed was 81% ± 5% compared to 92% ± 3% in that study which again emphasized the 

effect of the skin’s physiological factors on tape stripping outcomes that mentioned 

previously. As in the current study, another group of pigs was used, and they experienced a 

different weather condition. The experimental notes reported sunny days before the pigs 

slaughtering and low relative humidity (28%) on the day of the study, which has proven to 

impact the SC thickness and epidermis properties [298]. 

 

Skin AOC after treatment 

The CoQ10 solutions on skin are shown in Figure 70, while their effect is demonstrated in 

Figure 71. Surprisingly, the CoQ10 application increased the AOC initially, then decreased it, 

in a concentration-dependent pattern. 
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With the 0.5% dose, the AOC was significantly increased, by 126% ± 10% (p = 0.0439). 

However, at the higher doses, CoQ10 acted as a pro-oxidant and decreased the skin’s AOC 

linearly (r = 0.93). The 5% solution consumed almost one-half of the skin’s antioxidant system 

compared to the untreated skin, with a significance of p = 0.0012.  

 

 

Figure 70: Porcine skin treated with the CoQ10 solutions (0.5 - 5% (w/v)) 

 

 

Figure 71: Relative AOC of the skin after treatment with Q10 solutions (0.5 - 5% (w/v)), 

expressed as relative AOC [%] in relation to untreated skin 
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The analysis of each removed skin layer indicated the extent of AOC change for treated areas 

with the lower and the higher concentrations; 0.5 and 5%. As illustrated in Figure 72, the 

antioxidant effect was mainly occurring in the superficial layer. This fits the known poor 

penetration profile of CoQ10 into the skin. Therefore, the AOC improvement was limited on 

the first layer because of the limited penetration of the active. 

 

In contrast, pro-oxidative effect of 5% CoQ10 affected all skin layers with a high significance 

of p <0.0001. This finding was unexpected, as this active ingredient does not have the ability 

to diffuse through the skin layers to impact them in this way. Therefore, the assumption can 

be made that this effect resulted from pro-oxidant stress in the top layer of skin, which 

depleted its antioxidants over the two hours of drug application.  A close assessment of the 

literature has confirmed that, as H2O2 was generated on the skin upon the application of 

CoQ10 formulation [299]. This aggressive free radical has a very low molecular weight (34.015 

g/mole) with the ability to permeate the skin and affect the whole epidermis [300]. Moreover, 

it is considered an inflammatory marker for multiple skin inflammatory diseases. From these 

data, we may acknowledge that the non-penetrating antioxidant can generate penetrating 

pro-oxidant with a serious negative impact. 
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The normalised AOC provided the same results, as shown in Figure 73 and Figure 74.  but with 

a higher correlation coefficient (r) of 0.96. This linear response supports previous findings and 

the assumed theory. CoQ10 is an extremely lipophilic molecule with a high molecular weight, 

so it does not penetrate the skin. For this reason, our method was capable of an accurate 

evaluation of its AOC impact. 

 

 

Figure 73: Relative normalised AOC of the skin after treatment with CoQ10 solutions  

(0.5 - 5% (w/v)), expressed as relative normalised AOC [%] in related to untreated skin 
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 Figure 72: AOC of the skin layers after treatment with CoQ10 solutions (0.5% and 5% 

(w/v)), expressed as AOC [µM TE] compared to untreated skin 
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Figure 74: Normalised AOC of the skin layers after treatment with CoQ10 solutions  

(0.5% and 5% (w/v)), expressed as normalised AOC [µM TE] compared to untreated skin 

 

The regular use of such cosmetics with pro-oxidative effects can harm the skin through the 

chronic depletion of its antioxidants. Serious skin conditions and diseases can develop, such 

as wrinkles, atopic dermatitis, vitiligo, psoriasis and cancer, as healthy skin is dependent on 

its ability to confront environmental factors by using its network of enzymatic and small 

molecule antioxidants.  

In fact, the safety of this particular antioxidant has been questioned previously. Literature 

screening has revealed reported facial vitiligo in 15 patients triggered by CoQ10 antiaging 

products [299]. The doses were not reported, but the investigation confirmed the reason 

behind the disorder, which was the pro-oxidative effect, defined by the generation of H2O2 

free radicals upon application. 

According to the data obtained, the key factor determining the safety of CoQ10 cosmetic 

products is the applied dose. The statement can be made that a concentration ≥ 1% is 

considered to be an unsafe dose for human skin in a simple solution. Further investigations 
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The expert panel for cosmetic ingredient safety stated that most cosmetic formulations in the 

market containing CoQ10 are available in low concentrations of ≤ 0.05% [295]. However, a 

market screening revealed a product with 2% [302], while most commercial products do not 

acknowledge the active ingredient dosage. Additionally, various dermal formulations in the 

literature have been formulated with concentrations up to 4.8% [297, 303]. 

We cannot state categorically that those formulations will have the same pro-oxidative 

impact on skin, because the role of the formulations has not yet been defined. Changing the 

formulation may or may not influence the oxidative effect of the antioxidant used, which 

requires precise testing of the individual products. Prospective studies on the role of the 

formulation warrant evaluation. 

These results are of great interest from several perspectives. They confirmed the suitability 

of our model for the supposed purpose. So far, the results have yielded outstanding 

knowledge about the effect of antioxidants on skin that has not been noted before. More 

importantly, the efficacy and safety of certain antioxidant doses and formulations can be 

investigated via this model. This method can be used in the safety assessment of CoQ10 

products as part of the pre-marketing evaluation to ensure the complete safety of the 

product.  

 

in-vitro and ex-vivo correlation study 

Studies of the in-vitro AOC obtained by ORAC assay showed a significant inverse correlation 

with both average and normalised skin AOC; these values are presented in Table 20. The 

elevated AOC of the solutions did not improve the skin AOC, in contrast, they were associated 

with the dose-dependent pro-oxidative effect. Therefore, in-vitro AOC studies cannot be used 

to predict the efficacy or safety of CoQ10 in cosmeceutical formulations. More precise 

methods should be used, i.e., methods capable to estimate the biological settings. 
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Table 20: Values of the correlation studies between in-vitro and ex-vivo AOC using with 

CoQ10 solutions (0.5 - 5% (w/v)) 

 Average skin AOC Average normalized AOC 

ORAC assay (in-vitro) r = -0.9931 

(p = 0.0069) 

r = -0.9586 

(p = 0.0414) 

 

4.2.3.4. Ascorbyl palmitate 

For a proof of concept, ascorbyl palmitate was chosen for this section as a lipophilic analogue 

of vitamin C. It is synthesised by a condensation reaction between palmitoyl chloride and 

ascorbic acid in the presence of a dehydrochlorinating agent such as pyridine, as the ester of 

ascorbic acid and palmitic acid [304]. It is marketed as a vitamin C replacement under the 

name vitamin C ester. The chemical structure is shown in Figure 75.  

 

 

Figure 75: The chemical structure of ascorbyl palmitate 

 

As ascorbic acid, it is used in cosmetics as an antioxidant, antiaging, and skin brightening 

agent. However, due to its chemical nature, this form of vitamin C ester has additional 

advantages over ascorbic acid. From a biophysical perspective, it is more stable, with higher 

resistance to oxidation and light [305]. Additionally, it can be used as a fragrance ingredient. 

From a biopharmaceutical point of view, it can penetrate through skin and reach deeper skin 

tissues [306]. 
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The FDA has approved ascorbyl palmitate as a safe preservative for human consumption and 

as an excipient in approved drug formulations [307]. In cosmetics, it is used widely in skincare 

products and in colour products such as lipsticks in variable concentrations according to the 

aim of use. 

 

in-vitro studies  

The results of the in-vitro AOC testing with ascorbyl palmitate are shown in Table 21 and 

Figure 76. The ORAC assay achieved a linear response with r = 0.97, while with the DPPH assay 

the linear correlation was poor. Compared to ascorbic acid, this active ingredient had lower 

AOC values at all concentrations, except for 30%. This result was expected, as it is known that 

ascorbic acid has the highest antioxidant performance among all its derivatives, as they lose 

part of their activity during their chemical processing [308]. Interestingly, the 30% ascorbyl 

palmitate did not show an in-vitro oxidation reaction as ascorbic acid did. The acid form is 

more reactive and less stable than the ester ascorbate. 

 

Table 21: Values of the in-vitro AOC studies of ascorbyl palmitate solutions 

Ascorbyl palmitate 

solutions (w/v) 

DPPH 

(IC 50 [mg/mL]) 

ORAC 

(AOC [µM TE]) 

1% 2.37 × 10¯1 ± 6.03 × 10¯3 7.77 × 103 ± 9.18 × 102 

5% 5.71 × 10¯2 ± 8.12 × 10¯3 4.51 × 104 ± 4.12 × 103 

10% 2.17 × 10¯2 ± 9.99 × 10¯4 1.27 × 105 ±  1.94 × 104 

20% 2.03 × 10¯2 ± 1.03 × 10¯3 2.08 × 105 ±  1.74 × 103 

30% 1.29 × 10¯2 ± 8.83 × 10¯4 2.69 × 105 ±  4.71 × 104 
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Figure 76: in-vitro AOC values of ascorbyl palmitate suspensions (A) using DPPH assay 

expressed as IC 50 [mg/mL], and (B) using ORAC assay expressed as AOC [µM TE] 

 

ex-vivo studies  

Biophysical skin properties 

The used ears had good barrier function and a well-hydrated skin, as TEWL was 11.21 ± 7.76 

g/hm² and hydration was 34.74 ± 8.64. 

 

Removed SC by tape stripping 

IR-D studies revealed the complete removal of SC, with a removed thickness of 8.53 ± 0.58 

µm. A large number of corneocytes were measured in the first layer, and the depth in each 

layer was:  

• 1st 10-layer equalling 3.79 ± 0.25 µm 

• 2nd 10-layer equalling 2.62 ± 0.25 µm 

• 3rd 10-layer equalling 2.12 ± 0.19 µm 
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Skin AOC after treatment 

The topical suspensions of ascorbyl palmitate improved skin AOC in a non-linear trend 

(Figure 77). The significant AOC improvement was only achieved after the application of the 

30% concentration, which showed AOC of 145% ± 11% and p = 0.0389. The other 

concentrations resulted in almost the same % of AOC increment (15 - 20%). Apparently, the 

20% dose was enough to saturate transportation pathways and thus allowed AOC elevation 

in SC for the next does: the 30%. Meaning, the increased dose above the 20% led to a higher 

concentration of ascorbyl palmitate in the SC that can be detected by the analysis. 

We can assume that the active and inactive pathways allow a higher amount of this agent to 

permeate into the skin, more than the ascorbic acid because of its improved lipophilicity. 

 

 

Figure 77: Relative AOC of the skin after treatment with ascorbyl palmitate suspensions  

(1 - 30% (w/v)), expressed as relative AOC [%] in relation to the AOC of untreated skin 

 

These results fit well with the proposed concept and confirm our previous explanation for the 

ascorbic acid and vitamin E findings. Ascorbyl palmitate is known to penetrate in a more active 
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penetration, going deeper beyond the SC, and resulted in a non-linear detection by our 

model.  

The detailed AOC analysis of each separate layer lends support to the earlier statement. This 

reflected AOC improvement in all layers, including the deepest layers of the treated skin, with 

the 30% suspension compared to the untreated skin, as illustrated in Figure 78 (p = 0.0093). 

 

 

 

Figure 78: AOC of the skin layers after treatment with ascorbyl palmitate suspensions (30% 

(w/v)), expressed as AOC [µM TE] compared to untreated skin 

 

The calculated normalised AOC is demonstrated in Figure 79 and Figure 80. The same pattern 

was observed, where the 30% suspension led to the best AOC improvement after saturation 

of the transport pathways. The AOC of the individual layers also emphasized this 

improvement, which took place significantly in all layers (p = 0.0349). 
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Figure 79: Relative normalised AOC of the skin after treatment with ascorbyl palmitate 

suspensions (1 - 30% (w/v)), expressed as relative normalised AOC [%] in relation to 

untreated skin 

 

 

Figure 80: Normalised AOC of the skin layers after treatment with ascorbyl palmitate 

suspensions (30% (w/v)), expressed as normalised AOC [µM TE] compared to untreated 

skin 
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remain in the SC and prevents UV radiation damage, as will be shown in the next section of 

this thesis. On the other hand, the lipophilic ascorbyl derivatives will be the best option as 

antiaging agents by promoting collagen synthesis in the deeper skin layers. However, high 

doses may need to be used to ensure sufficient concentration in the upper SC as well. The 

study by Patrıícia et al. supports our recommendation, where they compared the clinical 

effect of ascorbic acid to two lipophilic derivatives [284]. Interestingly, all actives enhance the 

SC but only the magnesium ascorbyl phosphate was able to alter the viscoelastic-to-elastic 

ratio due to its permeation into the deeper skin layer. 

 

in-vitro and ex-vivo correlation study 

As the skin AOC after the treatment indicated a non-linear pattern, the correlation results 

demonstrated a poor correlation, as shown in Table 22. A better correlation coefficient was 

found between in-vitro AOC by ORAC and average skin AOC, with r = 0.6006; however, it was 

not significant. This result may be extrapolated to include all the lipophilic ascorbic acid 

derivatives with the improved penetration profile, such as ascorbyl tetra isopalmitate and 

magnesium ascorbyl phosphate. Therefore, and also considering the results obtained in 

vitamin E study, the in-vitro AOC studies cannot be used effectively to predict the impact on 

the SC after treatment with the lipophilic compounds. However, they can be used to indicate 

the potency, as well as to confirm the activity. 

Table 22: Values of the correlation studies between in-vitro and ex-vivo AOC using ascorbyl 

palmitate suspensions (1 - 30% (w/v)) 

 Average skin AOC Average normalized AOC 

ORAC assay (in-vitro) r = 0.6006 

(p = 0.2841) 

r = 0.2324 

(p = 0.7068) 

DPPH assay (in-vitro) r = -0.2722 

(p = 0.6578) 

r = -0.3518 

(p = 0.5615) 
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4.2.3.5. TPGS on skin 

As a water-soluble vitamin E derivative, the effect of α-tocopherol polyethylene glycol 

succinate (TPGS) on skin AOC was studied in this section for further proof of concept. It has a 

unique amphiphilic structure formed by the esterification reaction between PEG 1000 and 

vitamin E, as shown in Figure 81. 

 

 

Figure 81: The chemical structure of TPGS which is composed of: vitamin E, succinic acid 

and PEG 1000 

 

A range of 25 - 30% of d-α-tocopherol is available in TPGS according to the product 

information [309], with the advantage of many unique biochemical properties. As it has dual 

lipophilicity and hydrophilicity, surface-active properties and it is popularly used as a 

solubilizer, stabilizer and penetration enhancer [310]. Therefore, it is widely used as a vitamin 

E substitute in pharmaceuticals, food and cosmetics with a well-established safety profile 

[311]. 

 

in-vitro studies  

The AOC of the TPGS solutions showed concentration-dependent behaviour, with correlation 

coefficient (r) of 0.98 using the ORAC assay and 0.92 for the DPPH assay (Table 23 and 

Figure 82). However, as can be predicted, its AOC is far less than that of vitamin E, as it does 
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not contain pure tocopherols. For example, ORAC values for the 1% is only 224.33 ± 28.17 µM 

TE, which is almost only 2% of the vitamin E AOC of the same dose (10057.32 ± 161.43 µM 

TE). This decline in activity can be explained by several factors. The first one is the decreased 

amount of vitamin E in the TPGS chemical structure. Second, is the slow non-enzymatic 

hydrolysis of the TPGS into vitamin E and succinate/ PEG [312]. Finally, are the chemical 

manufacturing steps of the compound which may require conditions that affect the vitamin 

activity, such are the exposure to heat and oxygen.  

 

Table 23: Values of the in-vitro AOC studies of TPGS solutions 

TPGS solutions 

(w/v) 

DPPH 

(IC 50 [mg/mL]) 

ORAC 

(AOC [µM TE]) 

0.5% 10.84 ± 1.26 109.01 ± 2.25 

1% 7.48 ± 0.03 224.33 ± 28.17 

2.5% 5.72 ± 0.26 661.11 ± 88.26 

5% 1.89 ± 0.03 1892.96 ± 332.61 

 

 

Figure 82: in-vitro AOC values of TPGS solutions (A) using DPPH assay expressed as IC 50 

[mg/mL], and (B) using ORAC assay expressed as AOC [µM TE] 
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ex-vivo studies  

Biophysical skin properties 

The tested porcine skin showed normal average values for TEWL (8.34 ± 2.73 g/hm²) and 

relatively low hydration status of 16.48 ± 5.39. From the study notes, this hydration status is 

possibly related to the sunny weather, which was dominant for six days before the 

experiment. The sun exposure may dry out the skin and subsequently be reflected in the 

corneometer measurements. However, this factor was considered neutralized because the 

control areas were used from the same ears.  

 

Removed SC by tape stripping 

Again, in this study, complete removal of SC occurred, with the thickness removed of 7.91 ± 

1.05 µm. The layers analysis showed variable thickness between layers, as follows:  

• 1st 10-layers equalling 3.13 ± 0.62 µm 

• 2nd 10-layers equalling 2.70 ± 0.34 µm 

• 3rd 10-layers equalling 2.09 ± 0.21 µm 

Accordingly, the findings of this section reflect effects in the whole SC. 

 

Skin AOC after treatment 

The TPGS acted as a pro-oxidant and impacted skin AOC negatively in a concentration-

dependent way, r = 0.9 (Figure 83). The most extreme effect was noted with 2.5% and 5% 

solutions, p = 0.0425 and 0.0333, respectively. The depletion of skin antioxidants occurred 

despite the perceived in-vitro AOC and the profound safety of vitamin E on skin, which was 

demonstrated previously. 
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Figure 83 : Relative AOC of the skin after treatment with TPGS solutions (0.5 - 5% (w/v)), 

expressed as relative AOC [%] in relation to untreated area 

 

This effect was unanticipated and has not been detected before. The most likely reason is the 

surface-active properties of TPGS, which expectedly leads to interaction with several skin 

components, such as proteins and lipids, which then enhances penetration and solubility 

[313]. There are no reported data linking TPGS with the declined skin AOC yet, but there are 

other interesting records that identified pro-oxidants compounds as by-products in the 

surfactant’s formulation of Tween 80 and ethoxylated alcohols, which are also hydrophilic 

non-ionic surfactants [314, 315]. They were oxidized by-products such are peroxides, 

formaldehyde and carbonyl compounds. A similar investigation of the TPGS formulations is 

recommended and will be of much interest for future research. 

In addition to the possibility of the presence of the pro-oxidant by-products, the amphoteric 

nature of this active ingredient and its activity as a permeation enhancer facilitated its 

manipulation of the skin. It interacted with the skin elements and impacted the oxidative state 

with a linear response.  

In the literature review, the study of Sheu et al. confirmed the poor penetration of TPGS in 

skin after application [316]. They used several concentrations (0 – 20% (w/v)), and they 

suggested a specific mechanism for using TPGS in skin as a permeation enhancer. In order to 

decrease skin resistance to drug permeation, it reduces the interfacial tension and modifies 
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the interfacial barrier of the SC, which can be the mechanism of the pro-oxidative effect in 

the current study. On the same topic, it has already been reported that several non-ionic 

surfactants can disrupt the skin lipid matrix and alter the skin’s wettability [317]. Accordingly, 

we can state that changes in the skin’s barrier composition represent a major factor affecting 

the antioxidant barrier and the skin’s detected AOC. 

With similar performance to CoQ10, the pro-oxidative effect reached the deeper SC, as shown 

in Figure 84. The difference between 2.5% and 5% was small and only in the third layer, where 

the reduction equalled one-third of the original skin AOC (p = 0.0425 for the 2.5% and 0.0333 

for the 5% solution). 

 

 

Figure 84: AOC of the skin layers after treatment with TPGS solutions (2.5% and 5% (w/v)), 

expressed as AOC [µM TE] compared to untreated skin 
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consuming half the capacity of the second layer and more than one-third capacity of the last 

layer. 

 

 

Figure 85: Relative normalised AOC of the skin after treatment with TPGS solutions 

 (0.5 - 5% (w/v)), expressed as relative normalised AOC [%] in relation to untreated skin 

 

 

Figure 86: Normalised AOC of the skin layers after treatment with TPGS solutions(0.5%, 

2.5% and 5% (w/v)), expressed as normalised AOC [µM TE] compared to untreated skin 

 

In summary, the use of TPGS solutions on skin leads to a pro-oxidative effect in the SC layer. 

This major effect occurred with a dose-dependent trend, which confirmed our previously 

0

50

100

0% 0.5% 1% 2.5% 5%re
la

ti
ve

 n
o

rm
al

is
ed

 A
O

C
 [

%
]

concentrations (w/v)

0

150

300

1st 10 layers 2nd 10  layers 3rd 10  layers

n
o

rm
al

is
ed

 A
O

C
 [

%
]

removed layers of SC

0%

0.5%

2.5%

5%



 

148 

 

suggested theory; our model can indirectly detect the non-penetrating antioxidants 

effectively and accurately.  

A similar pro-oxidative effect on skin was shown previously following the application of a high 

dose of CoQ10. The reported data shows that the same effect can be generated by the topical 

application of anthralin and benzyl peroxide [318, 319]. Those agents are known to mediate 

the production of free radicals in the skin and negatively affect skin AOC eventually. 

 

Hence, the value of our model is of great interest in the field of skin health. If it is applied 

widely, the effect of different molecules (e.g., antioxidants, surfactants and drugs) on the 

epidermal antioxidant barrier can be determined simply and effectively. Specifically, the 

detailed effect of surfactants in leave-on products and soaps are worth a comprehensive 

assessment in the future. 

 

in-vitro and ex-vivo correlation study 

The correlation studies are illustrated in Table 24. They indicated a good inverted correlation 

between the in-vitro assays and average skin AOC. As higher doses were associated with 

higher pro-oxidative stress on the skin. However, the normalised data was correlated with 

less meaningful values. As mentioned earlier, the most probable cause is the effect of the 

surface-active properties on the SC compositions and thickness after the application. Anyhow, 

more extensive studies are required to understand TPGS effect and the surfactants in general 

on skin AOC and tape stripping patterns as well. 
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Table 24: Values of the correlation studies between in-vitro and ex-vivo AOC using with 

TPGS solutions (0.5 - 5% (w/v)) 

 Average skin AOC Average normalized AOC 

ORAC assay (in-vitro) r = -0.8213 

(p = 0.1787) 

r = -0.3347 

(p = 0.6653) 

DPPH assay (in-vitro) r = 0.8446 

(p = 0.1554) 

r = 0.01787 

(p = 0.9821) 

 

4.2.3.6. PEGs 

Vitamin E improved the skin AOC, while TPGS harmed it and used up its antioxidant system. 

To deepen our understanding, polyethylene glycols (PEGs) were also studied as a part of TPGS 

structure. This study was combined with a comprehensive biophysical skin evaluation before 

and after the treatment to investigate any possible factors that might influence skin AOC. 

Furthermore, the treatment duration was investigated using two different time frames: 2 and 

4 hours and two different incubation conditions: 32°C and room temperature.  

 

PEGs are polymeric mixtures of non-ionic, water-soluble oligomers. They are used widely in 

cosmetics as humectants, skin conditioners, solvents, emulsifiers, and surfactants with high 

levels of safety [320]. 

 

 

Figure 87: The basic chemical structure of polyethylene glycols 
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In this study, PEG 300 and PEG cream were chosen as two variable PEG types with different 

viscosities and MWs.  

in-vitro studies  

Both formulations showed AOC which was detected only by the ORAC assay. AOC values were 

357.75 ± 113.29 µM TE for PEG 300 and 332.45 ± 34.24 µM TE for PEG cream. In comparison 

to the AOC of the 1% of vitamin E (10057.32 ± 161.43 µM TE), their AOC can be considered 

insignificant.  

 

ex-vivo studies 

Biophysical skin properties 

The studies revealed small differences in TEWL, hydration and stiffness influenced by 

treatment and incubation time. Although those changes are not significant, they reflect 

treatment impact and experimental conditions.  

As shown in Figure 88, barrier functions were slightly decreased in the control and PEG cream-

treated areas after 1 h at 32°C, and then improved again after 4 h. At room temperature, 

there was an improvement in all areas after 1 h, followed by a mild deterioration in the control 

and PEG cream-treated areas. However, compared to 0 h, the net effect was improved barrier 

function. 

The data suggested a fair barrier protection effect by the PEG 300 after a 4 h usage, which is 

in agreement with the observation of Bárány et al. using a low molecular weight PEG 

derivative [321]. They detected the barrier improvement after the application of PEG-2 

stearate and PEG-9 stearate on human skin [321]. The higher molecular weight derivative in 

contrast (PEG-40 stearate), did not show the same effect. In other studies, the barrier 

improvement effect of PEG-400 was observed with drugs reduced penetration rate [322–

325]. 
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The corneometer measurement reflected elevated skin moisture in all the areas tested after 

4 h (Figure 89). However, the treated areas were more hydrated than the control after 1 h 

and 4 h. Higher hydration values were found after 4 h incubation at 32°C, as the closed space 

in the incubator increased the humidity (up to 53%) and affected all the areas by almost 

2-fold. 

 

The increased hydration with time in the control areas can be justified by the occurrence of 

the rigor mortis of the porcine skin, which started within 4–6 h after the pigs were slaughtered 

and lasted for 24–48 h [228]. During this phenomenon, tissue loses water and therefore more 

wetness will be detected on skin surfaces. As described by Keck et al. [228], this is combined 

with increased skin softness, and this was observed in the control sample at room temp 

(Figure 90-B). 

 

Stiffness studies by indentometer showed lower values after 1 h for all areas at 32°C, followed 

by minor increments except for the PEG cream-treated area (Figure 90). At room temp, each 

sample showed a different trend: the control had decreased stiffness after 1 h and then 

increased after 4 h by 1.6-fold. The PEG 300 treated area kept almost the same value over the 

experimental time. Finally, the PEG cream-treated area showed increased values followed by 

a decrease overtime after 1 h and 4 h. The increased softness over time for the blank area is 

resulted by the rigor mortis changes at the open space. However, the treatment with the PEGs 

did not produce similar effect as they might prevent the water exchange, especially with PEG 

cream that has a high molecular weight counteracts its penetration [326]. This molecular 

weight dependent effect is more pronounced in the skin with healthy barrier functions, as in 

the skin in this study [327]. 
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Figure 88: TEWL values at 0, 1 and 4 h (A) at 32 °C and (B) at room temp 

 

 

Figure 89: Hydration values at 0, 1 and 4 h (A) at 32 °C and (B) at room temp 

 

 

Figure 90: Stiffness values at 0, 1 and 4 h (A) at 32 °C and (B) at room temp 
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The available data clarified the significant role that experimental conditions can play, as 

changes in the incubation duration and conditions had a direct impact on both; the treated 

and control area. Therefore, tight control of these parameters must be done to assure reliable 

results. 

 

Removed SC by tape stripping 

Measurement of protein absorption via IR-D after tape stripping showed full SC removal for 

samples at 32°C, but only 79% ± 5% was removed from the skin stored at room temperature 

with estimated thicknesses of 8.63 ± 0.39 and 6.25 ± 0.39 µm, respectively. This difference in 

the removal pattern can be resulted from the incubation conditions, as the research papers 

showed that SC thickness is a sensitive marker to the different kinds of treatments and 

environmental temperature [273, 328]. In addition, another essential factor to be always 

considered is the physiological differences between the ears used for each study group, as 

each study was done using a different set of porcine ears and on different days. The values 

for each individually removed layer are described in the following table: 

 

Table 25: The removed SC by tape stripping for each layer after treatment with PEGs 

formulations 

 

Although there was a profound difference in the SC thickness between the two sets of ears, 

the relative ratio of each stripped layer to the removed SC thickness in the study is almost the 

 At 32 °C [µm] At room temp [µm] 

1st 10-layers equalling 3.40 ± 0.28 2.63 ± 0.28 

2nd 10-layers equalling 3.01 ± 0.20 2.13 ± 0.16 

3rd 10-layers equalling 2.22 ± 0.14 1.49 ± 0.22 
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same. The 1st layer, for example, represents 39% in the first study and 42% in the second 

study. This finding ensures the reproducibility of the tape stripping procedure used, even in 

the case where different porcine ears are used.  

 

Skin AOC after treatment 

Despite their slight AOC, topical application of PEG formulations had an insignificant effect on 

the skin AOC, as shown in Figure 91. In the first study, at 32°C, the PEG cream slightly 

improved the skin AOC, especially after 4 h, to 123%, while PEG 300 resulted in almost no 

change. While at room temp, no marked differences were observed in the AOC. 

The improvement in skin AOC upon cream application at 32°C can have resulted from its 

humectant effect, which may allow the preservation of the skin antioxidants during the 

incubation time. This effect was enhanced over time, leading to improved barrier functions, 

hydration, softness, and skin AOC. The obtained finding did not justify the TPGS pro-oxidative 

effect that was prescribed earlier, but on the opposite, it assured the safety of PEG vehicle to 

the skin antioxidant barrier. Therefore, the most probable cause of the depleted skin 

antioxidants by the TPGS is its surfactant properties. Accordingly, there is a fair possibility that 

the other PEG derivatives with the active-surface properties (e.g., PEG stearate) may show 

similar harmful effects. However, more studies should be performed to address this concern.  

Despite the insignificant differences in these values, it draws attention to vehicles possible 

effects on skin oxidative state. They are extensively used in cosmetics and their impact is a 

vital issue for future research.  
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Figure 91: Relative AOC of the removed SC after treatment with PEG 300 and PEG cream, 

expressed as relative AOC [%] in relation to the AOC of untreated skin; (A) at 32 °C and (B) 

at room temp 

 

The examination of AOC in the skin layers (Figure 92) shows slight changes that were detected 

in all layers for the PEG cream treatment areas at 32°C. However, for other areas treated with 

PEG 300, a mild decrease in AOC was detected in the first layers only. 
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Figure 92: AOC of the SC layers (A) at 32 °C and (B) at room temp, expressed as AOC 

[µM TE] compared to untreated skin 

 

Therefore, it can be concluded from this investigation that the experimental conditions were 

the main factor controlling the effect of the applied formulations. The active ingredient can 

improve skin AOC in some conditions but affect it in other conditions. For this reason, making 

adjustments in study conditions is a critical factor to be considered in skin studies; the aim 

must be to simulate human skin conditions to the maximum extent possible. In the current 

study, the first experiment was done at 32°C, which is the skin temperature; however, the 

closed space in the incubator did not provide a valid simulation for real skin in-vivo. 

Developing a more suitable condition is a persistent need to get a human skin-simulating 

model for prospective studies. 
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------------------------------------------------------ 

To sum up this study, a novel ex-vivo model was established for the indirect measurement of 

antioxidant penetration in the skin using six different molecules. The outcomes can be stated 

as the suitability of this approach to detect the effect of any molecule on the AOC of the SC. 

Moreover, accurate detection of the effect of the non-penetrating active ingredients in the 

SC can be provided simply and effectively, such as ascorbic acid and CoQ10. 

The findings can be extrapolated and applied to other antioxidants that are used in 

cosmeceuticals formulations. Supported by the theory that has been built in this prolong 

study, we can assume that this model will provide accurate results for the measurement of 

the following poorly penetrating topical antioxidants: 

• Arbutin 

• β-carotene 

• Curcumin 

• Glutathione 

• Lycopene 

From another point of view, only limited detection for penetrating antioxidants in SC can be 

achieved, unless the method is adjusted and another technique to investigate the deeper skin 

layer is included, e.g.: extracts of skin biopsy. The other limitation is the use of the porcine ex-

vivo skin model, which according to the recent data does not respond with reassembly as the 

living tissue due to the deficit of the oxygen supply chain [128, 329]. 

------------------------------------------------------ 
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4.2.4. Treatment impact on skin antioxidant capacity—UV radiation 

 

 

 

The ex-vivo model using ORAC and tape stripping was established, validated and applied to 

detect the changes in the stratum cornea (SC) oxidative state. In this section, further usage of 

the model is employed, by using ultraviolet (UV) radiation as the main pro-oxidant generator 

and underlying factor for skin aging and tumours in the recent decades.  

Initially, the model's ability to detect negative impacts on skin was evaluated; then, the 

combined effects of exposure and the treatment with two cosmeceutical agents were 

assessed, as illustrated in Figure 93. 

 

 

 

Figure 93: Study outline of current section 

 

• Effcet of heat and heat + UV on skin

• Incubation time of 1 h and 2 h

A) Effect of UV radiation on skin antioxidant capacity

• With ascorbic acid

• With retinyl acetate

b) Effect of combined UV radiation and treatment on skin 
antioxidant capacity
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4.2.4.1. UV radiation 

Biophysical skin properties 

The utilised skin showed normal barrier functions, where the trans epidermal water loss 

(TEWL) was 9.76 ± 0.88 g/hm². Additionally, it was well-hydrated with an average hydration 

value of 41.87 ± 11.56. 

 

Removed SC by tape stripping 

For the ears that were incubated for 1 h, the average removed SC of the six spots was 

8.92 ± 0.67 µm for the unexposed skin and 9.30 ± 0.60 µm for the exposed skin. The ears 

incubated for 2 h had removed SC of 10.68 ± 0.82 and 11.23 ± 0.60 µm for the unexposed and 

exposed skin, respectively. 

 

Compared to the previous studies  outlined in this thesis, the stripping depth in this study was 

deeper, and the calculated removed SC was much higher. The main expected cause for this is 

the impact of the heat and UV radiation on skin integrity and thereby the amount of 

corneocytes that were removed via tape stripping. As reflected in the experimental note, the 

skin was softer and weaker than usual after the exposure and the removal of the 30 SC layers, 

and the remaining skin was yellowish, indicated the complete absence of SC (Figure 94). 

Biniek et al. investigated this serious impact on SC, and showed a dramatic effect on the cell 

cohesion and mechanical integrity of human skin upon UV exposure [330].  
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Figure 94: Porcine skin after the removal of 30 SC layers by tape stripping and the 

exposure to UV radiation 

 

In the present study, the unexposed skin also underwent changes that resulted in high 

removal of SC, as the temperature inside the box containing the unexposed skin reached 

37.50 °C after 1 h and 39.50 °C after 2 h. Logical theory could be assumed to explain this heat 

effect which is the drying out of the skin over the exposure time, which led to a weaker 

adhesion force between the corneocytes and thus a higher amount to be removed.  A similar 

observation was made when dried skin tissues were compared to wet skin in a comparative 

tape stripping study, wherein higher removal was obtained using the dry skin [331]. In their 

review, Engebretsen et al. also reported the effect of high temperature in summer as altering 

the skin parameters and structure by increasing TEWL and hydration [332]. 

Thereby, the incubation condition of skin must be considered critical factor affecting the 

amount of the removed SC by tape stripping. In the current study, there is marked increase 

in the removed amount of SC, which must accordingly result in higher skin AOC to be 

detected; this correlation was previously confirmed [135], unless the effect of the solar 

radiation will overcome this correlation by altering the skin’s oxidative state. 

 



 

161 

 

Skin AOC after treatment 

The exposed skin was assessed after 1 and 2 h of the exposure and compared to unexposed 

skin that underwent the exact conditions. The results are illustrated in Table 26 and 

Figure 95. The obtained values revealed the successful detection of the affected skin AOC, 

where the exposure for 1 h decreased it by 17% (p = 0.0011) and for 2 h by 30% (p = 0.0064). 

The calculated normalised AOC presented almost the same significant findings, even with the 

higher removed SC in this study. 

Table 26: Skin AOC values upon the exposure to UV radiation for 1 and 2 h 

  AOC  

[µM TE] 

Normalised AOC  

[µM TE] 

1 h Unexposed skin 167.69 ± 3.98 44.17 ± 3.66 

 Exposed skin 140.09 ± 14.48 38.34 ± 3.10 

2 h Unexposed skin 158.50 ± 29.74 34.53 ± 6.83 

 Exposed skin 112.04 ± 14.60 25.72 ± 3.77 

 

 

Figure 95: Relative AOC of the skin after the exposure to UV radiation for 1 and 2 h, 

expressed as relative AOC [%] in relation to unexposed skin 
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The impaired oxidative state caused by UV radiation has been extensively studied [57, 333–

337]. Multiple well-documented conditions occur within the skin due to exposure, including 

photoaging, photo-immunosuppression and photo-carcinogenesis [2]. The effect of each type 

of radiation is closely related to its penetration depth into the skin—for example, UVB has 

short wavelengths (290–320 nm), and accordingly, its effects are usually limited to the SC, 

while UVA can penetrate till the mid layer of the epidermis due to its longer wavelengths 

(320–400 nm). Moreover, visible light can penetrate deeper into the dermis layer with much 

longer wavelengths (400–700 nm) [2]. Yet, UV radiation is of specific concern, as the resulting 

damage involves DNA modifications through UVB and photosensitisation through UVA which 

eventually generate free radicals and impair the oxidative balance [337]. However, other solar 

radiations (visible and infrared lights) have also been reported to induce erythema, thermal 

damage and even free-radical production upon exposure [2, 338]. 

 

The use of the porcine model to study the impact of solar radiation on skin has been 

established [339, 340]. Anyhow, in a considerable finding, Lohan et al. reported the formation 

of higher ROS in the in-vivo human skin compared to the ex-vivo porcine skin by a factor of 

2.8 [338]. Thus, this factor should be kept into account, and the application of this model 

using living animals and/or human volunteers will produce more efficient and accurate 

outcomes. This step is highly applicable, as we implied a non-invasive procedure that has been 

used extensively with good acceptability, such as the recent clinical study that assess the SC 

biomarkers in order to determine the cancer prevalence [341]. Additionally, the results in this 

section indicate significant success for our model, which can be utilised effectively to assess 

the primary response in a time- and cost-effective manner. 

 

4.2.4.2. Combined treatment and UV radiation 

After establishing our method for UV related changes on skin oxidative state, further testing 

of the model’s potential was performed using the combined effects of UV radiation as the 
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pro-oxidant agent, in addition to ascorbic acid as an antioxidant and photoprotective agent 

and retinol acetate as a contradictory agent. After that, we compared the obtained findings 

to the reported studies in the literature. 

 

AOC in-vitro studies 

Two different concentrations were prepared to be used in this study. Concentrations of 5% 

and 10% of the ascorbic acid because they are frequently used as vitamin C photoprotection 

studies [282, 342], and 0.01% and 1% for the retinol acetate as they are the lowest and the 

highest used dosages of this drug in cosmeceuticals [343]. ORAC assay was chosen as a 

sensitive AOC test to detect changes that might occur in the solutions at the specific 

conditions of the experiment; incubation at 32 °C, exposure to heat (39.5 °C) and UV radiation 

+ heat (40.5 °C) for 2 h.  

The results are illustrated in Figure 96, and showing comparable AOC values for the solutions. 

Therefore, the direct effects of the different conditions on the in-vitro AOC can be excluded, 

and any detectable effects upon the topical application of the solutions will then be due to 

the impact of the exposure only. 

Unlike the retinol acetate’s established good stability [344], the stability of ascorbic acid is 

always a matter of concern. It is easily prone to reversible oxidation to dehydroascorbic acid 

upon exposure to variable conditions such as heat and light, especially in the presence of 

metal ions and alkaline pH [345]. After the reversible oxidation, the reaction may further 

proceed into irreversible hydrolysis to develop 2,3-diketogulonic acid [345]. Despite these 

knowledges, in the obtained results there was no evidence supporting the loss of the original 

active form of the antioxidant in the tested solutions. Several reasons could be behind these 

findings, including the use of freshly prepared solutions, the absence of the transition metal 

ions in the media, the use of hydrophilic carrier with neutral pH and the use of low 

concentrations that do not exceed 10%; thus, the reactivity was minimised. 
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Figure 96: in-vitro AOC values of (A) ascorbic acid solutions (5% and 10% (w/v)), and (B 

and C) retinol acetate solutions (0.01% and 1% (w/v)), using ORAC assay and expressed as 

AOC [µM TE] 

 

Given the assurance of the good stability and activity of the prepared solutions, the additional 

planned ex-vivo studies were performed using both agents. 

ex-vivo studies 

Ascorbic acid 

This potent antioxidant was the first option to be studied with UV radiation, as it has proven 

photoprotective effects when applied on skin as pre- or post-exposure treatment. 
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Biophysical skin properties 

The measured skin parameters indicated normal barrier functions of 12.72 ± 1.20 (g/hm²) and 

hydrated skin with a value of 56.92 ± 7.46. 

Skin AOC after treatment 

The AOC of the exposed skin was compared to the AOC of unexposed skin that had undergone 

the exact same treatment with ascorbic acid as the exposed skin. Figure 97 shows the results 

classified according to the applied concentration and type of exposure. 

 

Figure 97: Relative AOC of the skin after the combined UV exposure and ascorbic acid 

treatment for 2 h, expressed as relative AOC [%] in relation to unexposed skin 

 

The first data set presented pertains to skin treated with a blank solution that was maintained 

under three conditions for 2 h: incubation at 32 °C, exposure to heat and exposure to heat + 

UV radiation. Upon analysis, skin had descended relative AOC of 100.00% ± 17.11%, 

86.34% ± 8.96% and 76.47% ± 10.43% due to the generation of free radicals upon exposure. 

As expected, the impact of heat alone was less significant than the impact of heat + UV 

radiation together. 

The second data set is for the skin treated with the 5% solution. AOC was improved for all 
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concurrent treatment with the 5% solution appeared to have a very good impact, as it 

counteracted the pro-oxidative effects of heat and + UV radiation and acted as a 

photoprotective agent. 

The last group revealed the treatment influence of the 10% ascorbic acid solution, resulting 

in almost the same elevated relative AOC for all skin areas (150.99% ± 28.90%, 134.76% ± 

22.66%, 142.07% ± 16.21%). The effects of the heat + UV radiation were completely 

neutralised; additionally, skin AOC was maintained and improved despite the pro-oxidative 

conditions. Thereby, we can summarise that, remarkably, the treatment with this particular 

formulation performed as photoprotective and antioxidant at the same time. 

 

A detailed assessment of the skin exposed to heat + UV radiation is provided in Figure 98. It 

clearly reflects the dose-dependent protective effect of the ascorbic acid on the SC layers 

(p < 0.0001). In the absence of the antioxidant, the skin AOC was significantly affected, and 

the damage included all layers. On the contrary, the skin treated with both doses did not show 

these negative impacts; instead, it showed improved AOC, especially with the 10% ascorbic 

acid solution. 

 

 

Figure 98: AOC of the skin layers after the combined exposure (UV + heat) and treatment 

with ascorbic acid solution (5% and 10% (w/v)), expressed as AOC [µM TE] compared to 

untreated skin 
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Unlike the current findings, our previous studies using ascorbic acid exhibited limited AOC 

effects on the deeper SC layers. The altered mechanical integrity of the skin upon exposure 

was the most likely reason for this, as it facilitates the penetration of such a poorly penetrating 

agent. The study by Hung et al. confirmed this theory, as they studied the cutaneous 

penetration pattern in photodamaged skin through the application of nanoparticles. They 

found that the barrier damage resulting from UVA exposure can increase the penetration of 

nanoparticles [346]. Other studies have also reported the same enhanced penetration upon 

exposure, using C₆₀-poly(vinylpyrrolidone) (PVP) dispersions [347] and titanium dioxide and 

zinc oxide nanoparticles [348]. Such change in skin parameters can be considered an 

advantage only in this case when it facilitates the topical delivery of antioxidants along with 

other antiaging agents to promote skin healing and recovery to a normal state after sunburn. 

The outstanding outcomes of this analysis are in complete agreement with numerous 

reported studies [349–352], including the research paper by Kawashima et al. in scientific 

reports [350]. They proved the protective effect of ascorbic acid (doses of 10% and 20%) 

against UVB damage on the reconstituted human epidermis. Both pre- and post-exposure 

treatments were effective, but the pre-exposure treatment was more effective in preventing 

the induced UV damage. Another cytoprotective effect of ascorbic acid to UVA was observed 

by Gęgotek et al. Ascorbic acid was able to reduce the expression of the protein degradation 

in skin following exposure and prevent proinflammatory and proapoptotic signals. Later, the 

same researchers investigated the synergistic combination of ascorbic acid and rutin, and 

they achieving remarkable findings in the photoprotection from both UV radiations; A and B 

[351]. Notably, the combination of ascorbic acid and vitamin E has frequently been used for 

improved stability and efficacy, and it is thus also a highly effective mixture [353, 354]. 

As the photoprotective effect of the ascorbic acid is strongly linked to its antioxidant activity, 

research is expanding to investigate the potentials of other antioxidants. It has been found 

that several antioxidants can show similar advantages, as rutin [351], curcumin [355], vitamin 

E [356], resveratrol [357], α-lipoic acid [31]. 
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Overall, this data implies two main points; first, the success of ascorbic acid as a 

photoprotective agent, and second, the high suitability of our model to study this effect. 

Further wide applications can be extrapolated and expected to add high value to the scientific 

field, such as the ex-vivo determination of the sunscreen protective effect upon UV exposure.  

 

Retinyl acetate 

Some existing data are suggesting possible photoprotective effect of retinyl acetate, while in 

contrast, other data are indicating its photosensitivity. Hence, this agent was selected for 

further testing in this section to investigate its net impact on skin AOC. 

 

Biophysical skin properties 

The average TEWL value was 11.37 ± 0.88 g/hm², and the hydration was 37.53 ± 13.34; both 

values indicated normal intact skin. 

 

Skin AOC after treatment 

Figure 99 shows the effects of the combined treatment and exposure on skin. At first glance, 

results showed no marked difference between the groups. The usage of both doses of retinyl 

acetate did not have any negative or positive impacts, as the relative AOC range was from 

97.15% ± 8.23% to 109.76% ± 11.35%.  
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Figure 99: Relative AOC of the skin after the combined UV exposure and retinyl acetate 

treatment for 2 h, expressed as relative AOC [%] in relation to unexposed skin 

 

But, upon closer investigation, a photoprotection effect could be observed in all treated areas, 

including the areas that were treated by the blank solution only (miglyol).  Unexpectedly, this 

vehicle by itself was able to protect skin from damage by both UV radiation and heat. The 

average relative AOC values of all the blank-treated areas are presented in Table 27. 

 

Table 27: The average relative AOC values for the blank-treated areas in variable incubation 

conditions for 2 h 

Incubation condition Relative AOC [%] 

Skin at 32 °C 100.00 ± 3.61 

Exposed skin (heat) 111.55 ± 2.28 

Exposed skin (UV + heat) 99.58 ± 5.54 

 

The same findings were confirmed by the analysis of SC layers that were exposed to the heat 

+ UV for 2 h (Figure 100). No marked difference had been found between the skin treated 

with miglyol or with the two different concentrations of the retinyl acetate. 
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Figure 100: AOC of the skin layers after the combined exposure (UV + heat) and treatment 

with retinyl acetate suspensions (0.01% and 1% (w/v)), expressed as AOC [µM TE] 

compared to untreated skin 

 

The obtained results are of great interest in many aspects: first, regarding the retinyl acetate, 

it belongs to the group of retinyl esters, which are reported to exhibit a photoprotective effect 

from UVB equivalent to a sunscreen with an sun protection factor (SPF) of 20 [358]. At the 

same time, however, other data has highlighted its photosensitivity, resulting in 

photodecomposition, including the production of oxidised products [359] that could, 

theoretically, affect  the skin’s oxidative state upon application. A possible reason for not 

observing this impact was the used vehicle in the present work that showed a good 

photoprotective activity, and thus, the photodecomposition of the retinyl acetate did not 

occur. However, considering the obtained findings and comparing the treated areas to the 

blank-treated areas, this agent did not have any effects on the skin’s oxidative state. 

This leads to the second aspect of the discussion; the great potential of miglyol as a 

photoprotective agent. The most likely mechanism for this activity was mentioned by Nikolic 

et al., who investigated the synergistic effect between lipid vehicles and inorganic UV filters 

[360]. Interestingly, they reported a high UV absorbance in the area of 280–400 nm for several 

lipid formulations, including miglyol emulsion, which explained their obtained 
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photoprotective activity. Therefore, as suggested by the authors, these lipids would result in 

the scattering of UV radiation [360]. Accordingly, the vehicle used in the current study was 

forming an oily layer over the skin that was able to counteract the pro-oxidative damage 

caused by UV radiation by acting as a physical sun blocker. 

Screening the literature confirmed the efficacy of many other lipid compounds as 

photoprotective agents, such as the polyunsaturated omega-3 [361], and the lipid extract of 

coffee beans [362]. As well, the study by Kaur et al. reported considerable SPF values for 

multiple fixed and essential oils, including coconut oil, olive oil and peppermint oil [363].  

Prospective independent studies of miglyol are of much interest for further understanding of 

its photoprotection capabilities, as it is already an attractive vehicle in sunscreen 

formulations. Its main advantage is the lipophilicity, which allows carrying active ingredients 

and providing long-lasting effects on skin. 

------------------------------------------------------ 

Application of the combined-therapy approach in this section has revealed the great potential 

of the model that was developed during the course of the study. This approach is expected to 

provide a result of high value, when applied for example, to the study of the effectiveness of 

sunscreen formulations. In this case, the main advantage  is the ability to identify the net 

impact of all the critical factors on the skin’s oxidative state and not simply the supposed 

potency as SPF which originally only indicate protection against UVB [59]. The considerable 

factors include UV radiation (type and intensity), active sunscreen ingredients, the 

formulation impact and the skin condition. Moreover, this model will be with a specific 

significance to deal will the major concerns which are raising in the scientific community 

regarding the induced free radicals generation upon UV exposure by sun-blocking agents 

[364], as they can cause extra stress in addition to UV radiation that may lead to a seriously 

impaired oxidative state. The use of a supporting method with this model is recommended 

especially if it is applied to undiscovered areas in skin research, which would reveal findings 

that cannot be compared with other studies in the literature. 

------------------------------------------------------ 
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Chapter 5. Summary 

 

This thesis has been started by the characterisation of specific plants formulation 

‘’PlantsCrystals’’ regarding the antioxidant capacity and size analysis. After that, and using the 

same principle along with skin analysing techniques, the research is concluded by presenting 

a novel ex-vivo model to assess the skin's oxidative state using ORAC assay and tape striping 

method. The developed model has been validated, standardised and then utilised for multiple 

applications. 

The employed methodology included multiple antioxidant estimation assays, such as 

flavonoid and carotenoid content determination, Folin Ciocalteu, DPPH and ORAC assays. 

Furthermore, ORAC assay, tape stripping and the multi-probe adapter MPA 10 device were 

the main protocols that were used to develop and assess the porcine ex-vivo skin model. 

Validation was done by the employment of the preliminary skin samples, afterwards, it was 

tested on a larger sample size using fresh porcine skin in a controlled lab climate. The 

numerical values of the antioxidant skin barrier were determined and expressed as the 

intrinsic AOC. Later, several treatments were applied and significant findings were obtained, 

as our model was able to detect the changes accurately in a good agreement with the 

reported data. The most common antioxidative agents in the cosmetics market were included 

as treatment agents: ascorbic acid, vitamin E, CoQ10 and ascorbyl palmitate, and their impact 

on the skin was investigated. In addition to the studies using the main pro-oxidative agent: 

UV radiation. Moreover, combined treatments were applied aiming to explore the potentials 

and the limits of this model, and interestingly, it proved its capability to reflect the net effect 

of multiple factors on the skin antioxidant barrier. 

Unlimited practice can be applied using the model suggested in this thesis, in order to predict 

the impact of any kind of single or combined treatment on the skin, without the need to 

analyse the individual oxidative markers or the use of sophisticated devices. 
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Other relevant investigations have also been demonstrated in the current work, including the 

study on the novel PlantCrystals which was acting as the backbone of the later studies, mainly 

through the optimization and the validation of the AOC assays. In addition to the 

determination of the biophysical properties of intact and impaired porcine skin which was an 

important knowledge about the porcine ex-vivo model. 

Therefore, this thesis is presenting a rapid, sustained, non-invasive, versatile, time- and cost-

effective model to investigate the skin’s oxidative state. Furthermore, it is revealing, for the 

first time, the mean values of the intrinsic AOC and the biophysical properties of the ex-vivo 

porcine skin. 

Enormous research ideas can be recommended to be done based on the studies of the current 

work, initially on the impaired skin, including the utilising of the impaired skin model, the 

investigation of its iAOC and the treatment impact by applying anti- and pro-oxidative agents. 

Moreover, the model at this point is ready to be applied to living animals and/or human 

volunteers, to be part of the safety and efficacy pre-marking studies of the cosmeceutical 

formulations. This step is highly applicable, as we implied a simple and non-invasive 

procedure that has been used extensively with good acceptability. 

------------------------------------------------------ 
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Chapter 6. Zusammenfassung 

 

 

Der Titel der Doktorarbeit lautet „Einblicke in der antioxidativen Potenziale von Pflanzen 

und Haut“.  

Die Forschung begann mit der Charakterisierung der spezifischen Pflanzenformulierung 

„PlantsCrystals“ im Hinblick auf die antioxidative Kapazität und die Größenanalyse. Dann, und 

unter Verwendung des gleichen Prinzips kombiniert mit Hautanalysetechniken, präsentierte 

die Dissertation schließlich ein neuartiges Ex-vivo-Modell, um den oxidativen Zustand der 

Haut unter Verwendung von ORAC-Assay und Tape-Striping-Verfahren zu beurteilen. Dieses 

Modell wurde validiert, standardisiert und anschließend für mehrere Anwendungen 

eingesetzt. 

Die verwendete Methodik umfasste mehrere Assays zur Schätzung von Antioxidantien, wie 

die Bestimmung des Flavonoid- und Carotinoidgehalts, Folin Ciocalteu-, DPPH- und ORAC-

Assays. Darüber hinaus waren der ORAC-Assay, die Tape-Stripping-Methode und das Multi-

Sonden-Adapter-MPA-10-Gerät die Hauptmethoden, die zur Entwicklung und Bewertung des 

Ex-vivo-Hautmodells von Schweinen verwendet wurden. 

Die Validierung erfolgte durch die Verwendung von vorläufigen Hautproben. Anschließend 

wurde eine größere Stichprobengröße mit frischer Schweinehaut in einem kontrollierten 

Laborklima untersucht. Die numerischen Werte der antioxidativen Hautbarriere wurden 

bestimmt und als intrinsische hauteigene Antioxidanskapazität “intrinsic Antioxidant 

Capacity” (iAOC) ausgedrückt. Danach wurden mehrere Behandlungen angewendet, und 

signifikante Ergebnisse erzielt, da das vorgeschlagene Modell die Änderungen in guter 

Übereinstimmung mit bereits veröffnetlichen Daten bestimmen konnte. In den folgenden 

Schritten wurden die gängigsten Antioxidantien auf dem Kosmetikmarkt als 

Behandlungsstoffe aufgenommen: Ascorbinsäure, Vitamin E, Coenzym Q10 und 

Ascorbylpalmitat und deren Wirkung auf die Haut untersucht. Neben dem Hauptprooxidat: 
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UV-Strahlung. Darüber hinaus wurden kombinierte Behandlungen mit dem Ziel angewendet, 

die Möglichkeiten und Grenzen dieses Modells zu erkunden. Interessanterweise bewies es 

seine Fähigkeit, die Nettowirkung mehrerer Faktoren auf die Antioxidanzbarriere der Haut 

widerzuspiegeln. 

Das in dieser Arbeit vorgeschlagenen Modell kann unbegrenzt in der Praxis angewendet 

werden, um die Auswirkungen jeder Art von Einzel- oder Kombinationsbehandlung auf die 

Haut vorherzusagen, ohne dass die Notwendigkeit besteht, die einzelnen oxidativen Marker 

zu analysieren oder hoch entwickelte Geräte zu verwenden. 

In der aktuellen Arbeit wurden auch andere relevante Untersuchungen demonstriert, 

darunter die Studie zu den neuartigen PlantCrystals, die als Rückgrat der späteren Studien 

diente, hauptsächlich durch die Optimierung und Validierung der AOC-Assays. Daneben ist 

die Bestimmung der biophysikalischen Eigenschaften von intakter und geschädigter Haut eine 

wesentliche Erkenntnis über das Ex-vivo-Hautmodell des Schweines. 

Daher präsentiert diese Arbeit ein schnelles, nachhaltiges, nicht-invasives, vielseitiges, zeit- 

und kosteneffektives Modell zur Untersuchung des oxidativen Zustands der Haut. Darüber 

hinaus werden erstmals die Mittelwerte des iAOC und die biophysikalischen Eigenschaften 

der Ex-vivo-Schweinehaut offengelegt.  

Basierend auf den Studien dieser Arbeit können umfangreiche Forschungsideen empfohlen 

werden, zunächst an der geschädigten Haut, einschließlich der Verwendung des Modells der 

geschädigten Haut, um ihre iAOC und die Wirkung der Anwendung von Anti- und 

Prooxidantien zu untersuchen. Darüber hinaus ist das Modell zu diesem Zeitpunkt bereit, an 

lebenden Tieren und/oder menschlichen Freiwilligen angewendet zu werden, um Teil der 

Sicherheits- und Wirksamkeitsstudien der Cosmeceutical-Formulierungen zu sein. Dieser 

Schritt ist sehr gut anwendbar, da wir ein einfaches und nicht-invasives Verfahren ausnutzen, 

das ausgiebig und mit guter Akzeptanz verwendet wurde. 

------------------------------------------------------ 
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