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Zusammenfassung 

Das Thema Umweltverschmutzung ist in den letzten Jahren immer relevanter für die 

Gesellschaft geworden. Die Menge an Schadstoffen in der Luft nimmt weltweit 

kontinuierlich zu und verursacht erhebliche gesundheitliche Probleme. Auch für die Haut 

haben diese Schadstoffe eine hohe Bedeutung. Darüber hinaus müssen wir uns auch mit 

anderen Aspekten der Umweltverschmutzung auseinandersetzen. Schadstoffe wie 

Zigarettenrauch können vorzeitige Hautalterung, Schädigungen der Hautbarriere, 

Pigmentstörungen und Zellschäden durch freie Radikale verursachen. Diese können die 

Symptome von Patienten mit bereits bestehenden Hautkrankheiten wie atopischer 

Dermatitis und Akne verschlimmern oder sogar neue Krankheiten auslösen. Obwohl nicht 

vollständig geklärt ist, wie schädlich Zigarettenrauchexposition für die Haut ist und wie 

man die Haut effektiv davor schützen kann, wurden in den letzten Jahren 

Hautpflegeprodukte mit einer "Antipollution-Wirkung" entwickelt. Bisher gibt es keine 

etablierten Methoden, um aussagekräftige und einfache Ergebnisse zu erzielen, die den 

Einfluss von Umweltverschmutzung auf der Haut messen können. Es ist wichtig, den 

Gefährdungsgrad von Zigarettenrauch auf die Haut oder die Schutzwirkung applizierter 

Substanzen eindeutig zu bestimmen.  

Um eine eindeutige Bestimmung des Gefährdungsgrades zu gewährleisten, sollte eine 

reproduzierbare Zigarettenrauchexposition durchgeführt werden. Zu diesem Zweck 

wurden zwei Expositionskammern gebaut, die die Haut ex vivo und in vivo mit 

Zigarettenrauch exponieren. Die Konzentration in der Kammer wurde anfangs mit einem 

kommerziellen Partikelmessgerät ermittelt, welches Konzentrationen von 0,001 bis 

maximal 400 mg/m³ erfassen konnte. Der Rauch einer Zigarette überschritt den 

maximalen Messwert in der Kammer. Aus diesem Grund wurde eine Methode entwickelt, 

um die Partikelkonzentration mit der Nikotinkonzentration zu korrelieren, welcher die Haut 

in der Kammer ausgesetzt war. Nikotin diente hierbei als Surrogatparameter für den 

Zigarettenrauch im Allgemeinen. Ein reproduzierbares Berauchungsregime wurde 

eingerichtet, um später den Effekt der Hautexposition zu messen. Um den Nikotingehalt 

auf der Haut zu quantifizieren, wurde neben jeder Hautprobe ein Filterpapier platziert. 

Dieses wurde anschließend extrahiert und bei einer Wellenlänge von 262 nm mit einem 

UV-Vis Spektrometer gemessen. Ferner wurde eine Kalibrierkurve mit dem Reinstoff 

Nikotin erstellt. Es konnte eine signifikante positive Korrelation zwischen der gemessenen 

Nikotinkonzentration und der Partikelkonzentration in der Kammer nachgewiesen werden. 
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Nachdem eine reproduzierbare Methode für die Exposition gegenüber Zigarettenrauch 

etabliert wurde, wurden zwei neue Methoden entwickelt, um den Effekt von 

Zigarettenrauch auf der Haut zu messen.  

Vorherige Untersuchungen haben gezeigt, dass die Entstehung von freien Radikalen zu 

oxidativem Stress führt und der hauptsächliche Mechanismus für Schäden der Haut durch 

Luftverschmutzung ist. 

Es wurde nachgewiesen, dass Zigarettenrauch allein in der Lage ist, freie Radikale in der 

Haut zu induzieren. Es besteht eine Dosisabhängigkeit zwischen der gemessenen 

Nikotinkonzentration und der Radikalproduktion in der Haut. Die Kombination von UVA-

Bestrahlung und Zigarettenrauch führte zu einer vermehrten Radikalbildung durch 

synergistische Effekte.  

Zusätzlich konnte der durch induzierten oxidativen Stress in der exzidierten Schweinehaut 

verursachte Effekt anhand der erhöhten Autofluoreszenz durch das konfokale 

Ramanmikroskop (CRM) gemessen werden. Die CRM-Methode konnte erfolgreich auf in 

vivo übertragen werden. Es wurde gezeigt, dass die gemessene Autofluoreszenz bei 

Probanden nach Exposition gegenüber Zigarettenrauch höher war als vor der Exposition. 

Die Methode ist jedoch auf die Hauttypen I-III beschränkt, da ein hoher Melaningehalt in 

der Haut die Messungen stören kann. Die genauen Prozesse, die zu dieser erhöhten 

Autofluoreszenz führen, konnten noch nicht ermittelt werden. Jedoch wurde bestätigt, 

dass oxidativer Stress für den Anstieg in Autofluoreszenz verantwortlich ist und nicht die 

Bestandteile des Zigarettenrauchs. 

Beide Methoden wurden angewendet, um die Effektivität bezüglich der 

Antipollutionwirkung von einzelnen Formulierungen mit Antioxidantien und Chelatbildnern 

zu überprüfen. Die Formulierung mit Epigallocatechin-3-gallate (EGCG) hat dabei am 

besten abgeschnitten. Dieser Wirkstoff ist ein Hauptbestandteil von grünem Tee (Camellia 

Sinensis). Beide Methoden sind vergleichbar; jedoch gibt es bei der EPR-Methode 

Einschränkungen. Bei dieser Testmethode darf das Testprodukt einerseits nicht mit der 

Spinsonde reagieren. Andererseits wird die Effektivität von Antioxidantien in den 

Formulierungen optimal gemessen. Dagegen beruhen Chelatbildner auf einem anderen 

Wirkprinzip, das von der EPR-Methode nicht optimal erfasst wurde. Die CRM-Methode 

erfasst alle Wirkstoffgruppen optimal und benötigt keine zusätzliche Markersubstanzen 

zur Messung der Wirkung von Zigarettenrauch und für die Exposition des Rauches ohne 

Creme konnte die In-Vivo-Tauglichkeit nachgewiesen werden. Es ist auch keine 

zusätzliche UVA-Bestrahlung erforderlich, weshalb aus bisheriger Sicht die CRM-Methode 

die bessere Methode zur Messung der Wirksamkeit von Anti-Pollution-Produkten ist. 
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Summary 

The significant relevance of air pollution increased in our society in recent years due to its 

adverse health effects on animals and humans. This is caused by the increasing amount 

of pollutants worldwide. These pollutants also have an effect on the skin as it comes into 

contact every day. It is important to address all the possible aspects of danger to prevent 

such damage. In addition, pollutants such as cigarette smoke can lead to premature skin 

ageing, damage to the skin barrier, pigmentation disorders, and cell damage which is 

caused by free radicals. These factors can worsen symptoms for patients with existing 

skin conditions, like atopic dermatitis and acne. Air pollution can also cause new conditions 

to develop. The extent of damage on the skin caused by cigarette smoke is not yet clear, 

and it remains uncertain how to protect the skin from it. As a result, skincare products 

claiming an "anti-pollution effect" have been released to the markets in recent years. 

Currently, there are no proper methods to produce meaningful results for measuring the 

effect of pollution on the skin. It is important to assess the level of risk cigarette smoke 

poses to the skin or the effectiveness of applied substances in providing protection. 

For risk management, an unambiguous determination was necessary and hence it was 

deemed essential to establish cigarette smoke exposure method. For this purpose, two 

specially designed exposure chambers were constructed to expose ex vivo and in vivo 

skin tissue to cigarettes smoke. The concentration of smoke in the chamber was 

determined initially by a commercial particle measuring device, which was capable of 

measuring particles ranging from concentration 0.001 to a maximum of 400 mg/m³. It was 

found that the smoke from one cigarette exceeded the quantifiable levels measured with 

the particle measuring device in the chamber. A method was created to establish a 

correlation between the particle concentration and the nicotine concentration within the 

chamber that could come into contact with the skin. Nicotine acted as a surrogate 

parameter for cigarette smoke in this work. A consistent smoking regime was established 

for subsequent measurement of the impact of skin exposure. To quantify the nicotine 

content on the skin, a filter paper was positioned next to each skin sample. The sample 

was extracted with ethanol and the absorbance of nicotine was measured at a wavelength 

of 262 nm, using a UV-Vis spectrometer. A calibration curve was generated with pure 

substance nicotine. The results reveal a statistically significant positive correlation 

between the measured nicotine concentration and the particle concentration in the 

chamber. 
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Once a reproducible method for exposing the skin to cigarette smoke had been 

established, two new techniques have been devised for measuring the impact of cigarette 

smoke on the skin.  

Prior investigations have demonstrated that the generation of free radicals leads to 

oxidative stress and is the main mechanism of skin damage caused by air pollution. Free 

radicals can be measured via electron spin resonance (EPR) spectroscopy. The study 

evaluated the impact of cigarette smoke on excised porcine skin with different spin probes.   

Prior research has proven that cigarette smoke can induce free radicals in the skin. There 

is a dose dependency between the measured nicotine concentration and the radical 

production in the skin. The combination of UVA and cigarette smoke leads to an increase 

in radical formation due to synergistic effects.  

Furthermore, the impact resulting from induced oxidative stress in the excised porcine skin 

was gauged via heightened autofluorescence utilizing the confocal Raman microscope 

(CRM). The autofluorescence technique was effectively transferred to in vivo studies. 

Results revealed that the measured autofluorescence was higher in test subject post-

exposure to cigarette smoke than pre-exposure. Notwithstanding, the method is restricted 

to skin types I-III as high levels of melanin in the skin can disturb the measurements. The 

specific mechanisms underlying the observed increase in autofluorescence have yet to be 

determined. Nevertheless, it has been verified that oxidative stress, rather than cigarette 

smoke components, is accountable for the increase in autofluorescence. 

Both methods were used to evaluate the efficacy of different formulations containing of 

antioxidants and chelating agents. Notably, the formulation incorporating epigallocatechin-

3-gallate (EGCG), a key ingredient found in green tea (Camellia Sinensis), exhibited the 

optimal performance in both methods. While both methods seem similar, the EPR method 

is somewhat limited. Specifically, for this test procedure, it is important that the tested 

agent does not react with the spin probe. The efficacy of antioxidants in the formulations 

should be optimally measured. For instance, chelating agents are based on a distinct 

active principle that cannot be optimally measured through the EPR method. In contrast, 

the CRM method can efficiently measure all active ingredient groups without the need for 

additional markers. It is also a promising method to apply in vivo. No additional UVA 

irradiation is necessary either, making the CRM method the superior approach for 

measuring the effectiveness of anti-pollution products. 
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Abbreviations 

%   Percentage 

°C  Degree Celsius 

8-OHdG 8-Hydroxy-2′-deoxyguanosine 

AF  Autofluorescence 

AGE   Advanced glycation end products 

AhR   Aryl hydrocarbon receptor  

B[a]P   Benz[a]pyrene 

CI   Canadian Intense Regime 

CRM   Confocal Raman Microspectroscopy  

CS   Cigarette smoke 

CSE  Cigarette smoke extract 

DNA   deoxyribonucleic acid 

DCFH-DA  Dichloro-dihydro-fluorescein diacetate assay 

DPPH  1,1-diphenyl-2-picrylhydrazyl  

EGCG  Epigallocatechin-3-gallate 

EGR   Early growth response protein 

EPR   Electron Spin Resonance Spectroscopy 

ETS   Environmental Tobacco Smoke 

GSH   glutathione 

HaCaT  Human Keratinocyte Cell Line 

IL   Interleukin 

ITA   Individual Typology Angle 

ISO   International Organization for Standardization 

MAPK   mitogen-activated protein kinase 

MDA  malondialdehyde 
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MED   minimal erythema dose 

MMP   Matrix metalloproteinase 

NADPH  Nicotinamide Adenine Dinucleotide Phosphate Hydrogen 

NIR  Near infrared region 

PAH   Polycyclic Aromatic Hydrocarbon 

PCA   3-(carboxy)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy 

PM   particulate matter 

ROS  reactive oxygen species 

RPF  radical protection factor 

RNS  reactive nitrogen species 

SC   stratum corneum 

SOD   superoxide dismutase 

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) 

TNF   tumor necrosis factor 

UV   ultraviolet 

VIS   visible
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1. Introduction 

Air pollution is a growing problem worldwide. The World Health Organization (WHO) 

reports that 7.3 billion people worldwide are exposed to unhealthy PM 2.5 concentrations. 

Figure 1 illustrates the percentage of the population exposed to PM 2.5 at over 5 µg/m³. 

The WHO guidelines state that annual average concentrations should not exceed 5 µg/m³ 

as it could induce and exacerbate health problems [4, 5]. 

 

Figure 1 The percentage of the population exposed to PM 2.5 at an average of 5 µg/m³, as 
referenced in [4]. 

The skin, our first defense, protects the body against external surroundings. With its 

important functions, the skin protects the body from external influences such as solar 

radiation, chemo- and xenobiotics, and biological compounds, e.g. microorganisms [6, 7].  

Cigarette smoke with more than 4000 compounds is not only dangerous to our lungs but 

also to our skin. The effects of air pollution and especially of cigarette smoke on the skin 

are not well studied yet. Most methods are either invasive or time-consuming. In addition, 

there are not many methods to reproducibly expose skin to air pollution. Therefore, to date, 

there are only a few meaningful methods available to determine the efficacy of anti-

pollution products that purpose to protect the skin [8].  

To assess the effect of cigarette smoke on oxidative stress generation in the skin, an 

exposure chamber was designed to allow reproducible smoke exposure to ex vivo and in 

vivo skin. Different measurement methods could be established to study a) the effect of 

cigarette smoke on the skin and b) the efficacy of anti-pollution products to protect against 

oxidative stress in the skin [3, 9, 10].  
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1.1 The skin  

1.1.1 Structure and function of the skin 

The skin makes up about 16 % of an adult's total body weight and is on average 2 m2 in 

area. The main function of the skin is to protect against biological, chemical, and physical 

influences from the environment. It consists of three layers: The epidermis, the dermis, 

and the subcutis. There are also appendages such as nails, hair, sebaceous and sweat 

glands. Furthermore, the skin has sensory and contact functions: Heat, pain, pressure, 

and tactile stimuli can be perceived via the sensory receptors [6].  

The epidermis consists of four layers:  

Keratinocytes adhere to the basement membrane in the stratum basale. One layer of basal 

cells is formed. These cells in the epidermis are mitotically active. The newly generated 

cells ascend via the stratum granulosum and stratum spinosum during differentiation 

processes. The epidermis' outermost layer, the stratum granulosum, includes live cells. 

They are made up of flattened cells that are in charge of continuing to synthesize and alter 

keratinization-related proteins. The cells abruptly differentiate into horny cornified layer 

cells, as they get closer to the cornified layer, the stratum corneum (SC). The SC protects 

the skin from the outside, prevents the body from drying out and keeps chemicals and 

xenobiotics out. The pH level of the SC depends on the localization and is between 4.1 

and 5.8 to maintain a healthy skin microbiome [11-13]. The stratum corneum's corneocytes 

shield the underlying epidermis mechanically. As they are encircled by an ongoing 

extracellular lipid matrix, the cells are low in lipid content and high in protein. A lipid matrix 

is holding the corneocytes together and thus forms a defense system against 

environmental stressors, such as ambient particulate matter (PM), pathogens, and 

allergens. Technically, the corneocytes are dead because they lost their nuclei during 

terminal differentiation. The SC acts as a barrier to stop the loss of water and the entry of 

contaminants and germs [12, 14, 15]. 

In depth, you can see that epidermis is made of multilayered and keratinized squamous 

epithelium. 80-90% of the epidermis consists of keratinocytes. The rest are Merkel cells, 

melanocytes, Langerhans cells, and lymphocytes. In the epidermis, the cells undergo a 

differentiation process and migrate from the basal layer to the surface of the skin [16]. In 

the keratinization phase, the cells pass through a synthesis and then a degradative phase. 

In the synthesis phase, the cells build up a cytoplasmic supply of keratin which is a fibrous 

intermediate filament that is the cell9s cytoskeleton. At the degradative phase, the cellular 

organelles are gone and the corneocytes are formed, which is the terminal differentiation.  
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The epidermis itself does not have its own vascular system and must be supplied from the 

dermis by diffusion [12]. Figure 2 shows the structure of the skin in detail. 

Figure 2 Skin structure. The Figure was partly generated using Servier Medical Art, provided by 
Servier, licensed under a Creative Commons Attribution 3.0 unported license. Figure modified by 
adding text and markings. 

Underneath the epidermis is the dermis that provides mechanical protection for the body. 

This part of the skin contains an elastic, dense and tear-resistant fibrous network, ideal for 

mechanical protection. Two layers of the dermis are important: the papillary dermis and 

the reticular dermis. The papillary dermis is thin and contains collagen fibers that are 

loosely arranged. The fibroblasts are primarily situated here and are responsible for the 

production of fiber-and sheet-forming collagen, elastin and proteoglycans. In addition, 

fibroblasts produce the extracellular matrix, which maintains the connective tissue's 

flexibility and stability. The extracellular matrix gets decomposed by proteolytic enzymes 

called matrix metalloproteinases (MMPs) by replacing it with new matrix components and 

remodeling it [7, 12, 17].  

In the reticular dermis, the fibers are coarse, have a better structure and their cell density 

is low, while those in the papillary dermis are fine and their cell density is higher. Fine 

collagen bundles can be seen in this papillary part of the dermis, where the nerve fibers 

and the blood vessels interact with one another. In addition, you can find components of 

the immune system like mast cells, macrophages and lymphocytes together with a linear 

network of lymphatic vessels and the blood vascular system [12, 18]. The dermis aids in 

heat regulation, binds water, protects the body from mechanical harm, and possesses 

receptors for sensory inputs. In order to preserve the characteristics of both tissues, it 
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interacts with the epidermis [7, 12, 19]. Subcutaneous fat is located beneath the dermis. 

This functions as a cushion, absorbs and distributes blunt force trauma. In addition, 

subcutaneous fat holds a metabolic function as well [12]. 

The body has different ways to protect itself, including different molecules and cells that 

are present in the skin. One way how the body protect itself from radiation and xenobiotics 

is the synthesis of melanin. This can act as a response to different stimuli such as UV 

radiation and air pollution [20]. Melanocytes produce the black pigment melanin. They are 

located in the basal layer of the epidermis and the hair follicle. Melanin synthesis occurs 

in response to physiological and pathological stimuli such as UV radiation and air pollution. 

Melanin is transferred from melanosomes to neighboring keratinocytes where it can 

absorb light of all wavelengths and act as radical scavenger. Thus, melanin pigmentation 

protects the skin and deeper structures from the consequences of UV radiation [21]. 

Another important group that the body uses for protection are Langerhans cells and 

lymphocytes, which are bone marrow-derived MHC class II antigen-tolerant leukocytes. 

They make up the outermost layer of the immune system because they stimulate resting 

T helper lymphocytes, which initiate primary T cell-dependent immune responses. In 

addition, they are also important in contact sensitization which initiates allergic responses 

[22].  

Another cell type found in the epidermis is Merkel cells, which form fibroelastic tissue with 

high tensile strength and elasticity. They are important for the mechanical stability of the 

skin and important for the perception in hairy skin [23]. 

1.1.2 Established skin models for research 

The preferred method for skin research is in vivo studies, which involve direct testing on 

humans and can mimic real-life conditions resulting in more reliable results [24, 25]. If in 

vivo studies are not ethically possible, alternative skin models have been established for 

research purposes. The initial step is typically in vitro testing, which uses cell models. 

These measurements are designed to replicate in vivo conditions in a laboratory setting, 

providing a controlled environment. In vitro measurements offer the advantage of 

reproducible measurement conditions for individual samples. Additionally, initial 

conclusions about the mechanism of action can be drawn [24-26].  

However, it is important to note that there are limitations, such as overestimation, as the 

permeation of exogenous agent may differ due to the thinner stratum corneum or missing 

hair follicles in cell models. Furthermore, it should be noted that the skin9s metabolism, 

immune system, and microbiota are not accounted for [24].  
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Another available skin model is excised skin tissue, which still maintains an intact barrier 

under controllable conditions. However,  it is important to acknowledge that the quality of 

the excised skin tissue depends on the donor [24].  

Despite this limitation, excised skin can be a useful alternative for preliminary scientific 

investigations and establishing measurements. Excised human skin is often used in 

research due to its biological similarity to human skin in vivo. It is typically obtained through 

plastic surgery and has been shown in studies to have comparable tissue viability, barrier 

function, and extracellular matrix composition [27, 28]. 

Another commonly used skin model is porcine skin. Slaughterhouse waste is readily 

available and cheaper than human skin. Both human and porcine skin require ethical 

approval, but obtaining slaughterhouse waste is easier. In Germany, ethical approval by 

the veterinarian9s office is needed for slaughterhouse waste. Various studies are carried 

out with excised porcine skin, like transdermal drug testing, UV radiation-exposed skin 

damages, wound healing, and toxicity studies [29]. Porcine skin is anatomically and 

physiologically similar to human skin. The morphology as the cellular composition and 

location of most cells of the immune system or cells responsible for melanin synthesis 

(melanocytes) are comparable in both skin models. In addition, the thickness of the 

epidermal and dermal layer is equivalent in both porcine and human skin [30, 31]. In Darvin 

et. al9s work parameters like skin hydration, corneocytes size, and shape, nucleus size, 

cytoplasmic volume, and intercellular area were all found to be similar to human skin using 

confocal laser scanning microscopy and multiphoton tomography. However, the thickness 

of the adipose tissue and the lipids in the stratum corneum are less densely packed 

compared to human skin [32]. The work of Choe et al. reported that the barrier function of 

in vivo human skin is higher than that of excised porcine skin [33]. It is also important to 

remember that pigs can produce their vitamin C [34]. Nevertheless, porcine skin is a good 

substitute for skin research, even if it is not 100 % identical [31, 35]. 

1.2 Oxidative stress 

Oxidative stress is characterized by an imbalance between poor activity of antioxidant 

systems and elevated amounts of mainly reactive oxygen species (ROS). In addition, 

oxidative stress can also be induced by reactive sulphur species, reactive carbon species 

and reactive nitrogen species (RNS). RNS are formed from nitrogen, whose radicals can 

become nitric oxide or peroxynitrite [36]. Increased oxidative stress has the ability to harm 

skin tissues by damaging cellular structure [37]. ROS are important representatives of free 

radicals. Free Radicals are atoms or molecules that have at least one unpaired electron. 

These free radicals can react with other radicals, with themselves, or with another 
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molecule and have a short half-life [36]. In the skin, ROS can be induced by UV radiation 

and other environmental factors like air pollution [38]. Depending on their lifestyle choices 

and mental health, it can also lead to an imbalance inside the body. In particular ROS are 

formed from molecular oxygen. Examples include superoxide anion radical, hydroxyl 

radical, singlet oxygen, and hydrogen peroxide [39]. 

In vivo, free radicals are continuously created and are a normal byproduct of cellular 

metabolism. ROS are naturally occurring by-products produced by a variety of enzymatic 

processes in many cellular compartments, including the mitochondria and peroxisomes. 

In the cell, they can perform signaling activities and be produced by enzymes like NADPH 

oxidase. In summary, various physiological activities include the electron transport chain 

in mitochondria, enzymatic events, and immunological responses [36, 40]. 

The only enzyme that can neutralize superoxide anion radicals is superoxide dismutase 

(SOD). It facilitates the radical's conversion to hydrogen peroxide. Copper, zinc, 

manganese, and iron all help SOD. It degrades superoxide radicals to produce oxygen 

and hydrogen peroxide. These enzymes are found in almost all aerobic cells as well as 

extracellular lipids. Catalase is responsible for converting hydrogen peroxide into water 

and oxygen. As a result, it completes the detoxification process that SOD began [36, 41, 

42]. 

Hydrogen peroxide can be a stable ROS, since it is no longer a radical. However, it can 

become hydroxyl radicals when there are transition metals present [43]. For enzymes like 

NADPH oxidase, xanthine oxidase, lipoxygenases, and cytochrome P450 to operate, 

transition metals are necessary. Hydroxyl radicals are very reactive because of the Fenton 

process that produces them with the help of these transition metals. Therefore, Hydroxyl 

radicals are frequently generated in vivo from hydrogen peroxide. Hydrogen peroxide must 

thus be broken down before the hydroxyl radicals generated can cause harm. This is done 

by antioxidants, e.g. the enzymes catalase, glutathione (GSH) peroxidase, and GSH itself. 

These oxidation products can react with lipids, proteins, and DNA and can be detected in 

blood, plasma, urine, and tissues [44, 45].  

Malondialdehyde (MDA) is a known marker in samples as it is a major product of lipid 

peroxidation. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) is a marker of DNA oxidation. 

These biomarkers are found in body fluids or tissue that can signify the presence of 

oxidative stress in the system [46, 47].  

Other known markers of oxidative stress are advanced glycation end products. Advanced 

glycation end products (AGEs) are harmful metabolic by-products associated with 

oxidative stress and resistance to insulin-mediated glucose uptake. They cause oxidative 
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damage to proteins, lipids, and nucleotides [48]. To analyze the concentration of all these 

markers, skin samples have to be taken.  

1.3 Antioxidants 

Antioxidants are essential for maintaining redox homeostasis and preventing oxidative 

stress. They disrupt the chain reaction of free radicals by donating their electrons. They 

stop these chain events by eliminating free radical intermediates and suppressing other 

oxidation processes. Antioxidants typically contain reducing agents such as thiols or 

polyphenols [36, 41, 49].  

Antioxidants can be classified as endogenous enzymatic and non-enzymatic antioxidants. 

There is an exogenous antioxidant system in addition to the endogenous antioxidant 

system. It is difficult to maintain redox equilibrium without an external supply of exogenous 

antioxidants. The skin, in particular, needs e.g., the vitamins C and E, which must be 

obtained from external sources because the body is unable to produce them. These 

vitamins are essential not just for the body's antioxidant system, but also for the 

manufacture of numerous critical molecules that regulate neurotransmission and collagen 

metabolism [41, 50].  

The majority of ROS are eliminated by vitamin C, also known as ascorbic acid. This occurs 

since ascorbate oxidizes to monodehydroascorbate and subsequently to 

dehydroascorbate. It performs a variety of tasks to maintain the typical physiological 

condition. Prolyl hydroxylase is an enzyme that hydroxylates prolyl residues in procollagen 

and elastin in the skin. It requires cofactors to function. Vitamin C's tyrosinase inhibitory 

action also makes it a valuable depigmentation agent. By promoting epidermal 

differentiation, it assists in the development of the skin barrier. Unfortunately, vitamin C 

does not penetrate the skin well, and its therapeutic usefulness is diminished by its 

instability in aqueous preparations. Consequently, vitamin C must have a pH value below 

3.5, which is also problematic for the majority of cosmetic products. [49, 51, 52].  

Another representative of antioxidants is vitamin E, also known as alpha tocopherol. The 

hydroxyl group in the chromonol ring donates a hydrogen atom, enabling vitamin E, to 

partially lower free radicals. It modulates cellular responses under physiological settings 

by upregulating synthetase mRNA, which in turn increases the synthesis of glutathione 

(GSH) [53]. In skin, Vitamin E can suppress UVB-induced edema, erythema, and lipid 

peroxidation [41, 54].  
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Non-enzymatic antioxidants of note also include plant polyphenols, carotenoids, and 

glutathione. Glutathione can be found in every cell of our body, which enhances the activity 

of all other antioxidants [42].  

Another group worth mentioning are carotenoids. They are created spontaneously by 

bacteria, fungus, algae, and plants. Carotenoids can be used as a mirror of someone9s 

lifestyle as carotenoid levels could serve as antioxidant level markers [55]. Prominent 

representatives are ß-carotene and astaxanthin. They have the ability to quench singlet 

oxygen. Astaxanthin can protect pre-loaded fibroblasts and therefore less photo-oxidative 

changes can be measured in cell culture [52].  

Epigallocatechin-3-gallate (EGCG) derived from green tea (Camellia sinensis) are 

important polyphenols. They have the ability to decrease matrix metalloproteinases 

(MMP)-1,-8, and-13 in a dose-dependent manner, prevent disruption of the epidermal 

barrier, and raise the lowest erythema dose to UV light. [52, 56]. MMPs are important 

regulators of cell-cell and cell-extracellular matrix interactions. They affect cellular 

differentiation, proliferation, and modifying matrix structure, growth factor availability, and 

the operation of cell surface signaling systems [57].   

Endogenous and exogenous antioxidant systems collaborate to establish and maintain 

redox equilibrium. This synergy is used, for example, in GSH that aids in the regeneration 

of vitamin E, which protects the body against lipid peroxidation [41]. 

As consumers become more health conscious, there is a growing demand for antioxidant 

supplementation to support the body's antioxidant system. However, data on the beneficial 

effects of antioxidants after oral intake are mixed. Depending on the substance, increased 

intake of antioxidants can have a pro-oxidant effect and cause more harm than good. For 

example, the risk of lung cancer and cardiovascular events increases after 

supplementation with beta-carotene alone. Therefore, it makes sense to apply antioxidants 

topically so that they act locally by protecting the skin. This also ensures that the correct 

dose is delivered to the site of action. It is important to ensure that the active ingredient is 

applied in the correct formulation so that it is active and in sufficient concentration [58, 59]. 

Many antioxidants are very unstable due to their chemical composition. For example, 

vitamin C formulations must have the correct pH of 3.5. Also, the formulation ideally should 

be anhydrous to avoid instabilities. It is also important to ensure that it can cross the 

epidermal barrier to be active at the site of action [59].  

Depending on the lipophilic environment in human skin, the antioxidant system varies in 

the different layers of the skin. Non-enzymatic, water- and fat-soluble antioxidants such as 
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vitamin C, vitamin E, GSH, squalene, and coenzyme Q10 are found in the SC. There is a 

concentration gradient of these antioxidants from the outside to the inside existent [60].  

For example, lipid-soluble antioxidants such as vitamin E and enzymes such as catalase, 

superoxide dismutase, and GSH peroxidase are present in the epidermis. Keratinocytes 

are embedded in a lipophilic matrix depending on their stage of development. In addition 

to other antioxidant enzymes, the dermis contains hydrophilic non-enzymatic antioxidants, 

including GSH and vitamin C [60]. 

Another important antioxidant inside the basal layer of the epidermis is melanin. 

Melanocytes produce melanin, which is released into these cells. Because of the constant 

release, melanocytes have little pigmentation. Keratinocytes and fibroblasts also contain 

melanin, which can scavenge hydroxyl radicals with the help of its metabolites. Melanin is 

therefore an important antioxidant against UV-induced oxidative stress [61]. 

Not only antioxidants are produced inside the epidermis. Important to remember is that 

small amounts of the superoxide anion radical are created in the skin to start epidermal 

keratinocyte differentiation and/or fibroblast proliferation [15]. Redox imbalance in skin due 

to UV irradiation can increase NADPH oxidase activity. This can accelerate the aging 

process and the development of cancer [62]. 

1.4 Source of oxidative stress 

1.4.1 Air pollution 

Air pollution is increasing worldwide. It consists of substances in the atmosphere that can 

harm flora and fauna and is an accelerator of climate change as well. Increasing industrial 

expansion, which leads to more emissions, and the burning of fossil fuels and cigarette 

smoke are among the main sources of air pollution [63, 64].  

Air pollution includes particulate matter (PM), volatile organic compounds (VOCs), various 

gases such as CO2, CO, SO2, NOx, PAHs, and heavy metals. Polycyclic aromatic 

hydrocarbons such as benzo[a]pyrene (B[a]P), for example are carcinogens. They can 

bind covalently to DNA when metabolized in vivo to more reactive intermediates. These 

can initiate the development of cancer [65-67]. Air pollution pose a threat not only to the 

lungs of animals and humans, causing lung disease but also to the skin, which comes into 

contact with pollution on a daily basis [68, 69]. This can lead to various effects: loss of skin 

elasticity, deep wrinkles, pigmented spots, disruption of the skin barrier, and impaired 

wound healing. Chronic exposure can also cause inflammation leading to atopic 

dermatitis, psoriasis, and skin cancer [67, 70, 71]. 
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1.4.2 Cigarette smoke as model for air pollution 

Cigarette smoke is a good model for air pollution because the composition is similar to 

emissions from industry and burning fossil fuels. Common compounds are PAHs, volatile 

compounds, and various gases [72-75].  

It contains more than 4000 known chemical compounds [8]. The delivery of these 

compounds can be altered by modifying cigarette components such as tobacco leaf type, 

tobacco curing process, or cigarette filters [76]. The flavor and scent of tobacco leaves are 

influenced by their size, color, and vein size variations. Mixtures of several tobacco 

varieties are used to make cigarettes. It is critical to describe the ingredients in cigarettes 

and how they affect the toxicity of cigarette smoke in order to better understand the health 

implications of tobacco smoke [77]. 

The choice of cigarette brand affects the toxicity and carcinogenicity of cigarette smoke. 

Ingredients vary from brand to brand and from blend to blend. In a study, cigarettes from 

different Chinese brands were tested with Research cigarettes for free radical production 

and nicotine content. A lower radical production of Chinese cigarettes compared to the 

Research cigarettes suggested that Chinese cigarettes have a lower potential of oxidative 

stress induction [78]. 

Research cigarettes are often used in cigarette smoke studies. It is important that the 

cigarettes selected do not vary within a batch. Recently, 1R6F cigarettes from the 

University of Kentucky have been used, which are the successors to the well-studied 3R4F 

cigarettes. In previous studies, the 3R4F cigarettes were compared with conventional 

cigarettes available on the market in terms of mainstream smoke. Both cigarettes (3R4F 

and 1R6F) are comparable in terms of smoke composition and in vitro toxicity [79, 80]. 

Cigarette smoke contains tar and particulate matter as organic compounds that are 

condensable at room temperature. Nicotine, carbon monoxide, and nitrogen oxide are also 

major components of cigarette smoke. The smoke stream can be divided into two parts: 

mainstream and sidestream smoke. Mainstream smoke is that part which is inhaled by the 

smoker into the lungs. The sidestream smoke is the combination of the stream of the burnt 

cigarette and the exhaled air from the smoker. Sidestream smoke is also a major part of 

environmental tobacco smoke (ETS). This smoke has a high content of particulate matter 

and condensed vapors. The exchange between gas and particulate phase in ETS during 

continuous aging leads to chemical changes due to oxidation mechanisms [81, 82].  

Tobacco consumption in Germany has been at a high level for years [82]. No other legal 

drug increases overall mortality like tobacco. Chronic exposure to cigarette smoke causes 
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many diseases, mainly affecting the internal organs [64]. When we think of the effects of 

cigarette smoke on the body, the lungs are always mentioned first. The effects on the lungs 

of cigarette smoke have been sufficiently and extensively studied. However, the effect of 

such pollution on skin, which is exposed to these harmful substances on a daily basis, has 

not been sufficiently studied. Epidemiological studies on air pollution exposure tend to be 

preferred but it takes longer to retrieve results [83, 84]. 

The effects of cigarette smoke on premature skin aging have been well studied.  

Comparatively, cigarette smoke has a similar effect on the skin to that of UVA radiation 

through the formation of free radicals [85, 86]. The effect of UV radiation on the skin will 

be discussed in the next chapter. 

Cigarette smoke contains thousands of chemical substances, e.g. carbon monoxide, 

polycyclic aromatic hydrocarbons, ROS, and RNS. ROS can cause oxidative stress or 

initiate a cascade of oxidative events that can also lead to the depletion of antioxidants 

(see chapter 1.2.1) [81, 87, 88].  

Cigarette smoke can be divided into gas and particulate phase. Therefore, there are 

different radicals in every phase initiated when a cigarette burns. In general, there are 1014 

carbon- and oxygen-centered radicals per puff. Gas phase radicals have a short lifetime, 

thus measuring them directly is very difficult [85, 89] 

In contrast, tar radicals do not have a short lifetime, thus capturing them directly with the 

EPR is doable. The cigarette tar radicals are semiquinone radicals that can produce 

superoxide by reducing oxygen. These hydrogen peroxide and hydroxyl radicals can 

initiate a cascade leading to more oxidative stress [85, 86, 90] 

Pryor et al. described several mechanisms involving: the activation of procarcinogen 

through oxidation, scavenge radical scavenger, and antioxidants that are meant to protect 

cells from tumor formation, causing more inflammation that can lead to tumor development 

and higher radical activity in protumor states by increased levels of lipid or DNA oxidation 

products [85]. 

In skin, cigarette smoke can lead to the increase of transepidermal water loss, the 

degradation of collagen and elastic fibers caused by upregulation of matrix 

metalloproteinases MMP-1 and 3, and the degeneration of connective tissue in general 

[91]. PAHs such as Benz[a]pyrene can oxidize to electrophilic derivate that can bind to 

DNA with radicals [85, 92]. Figure 3 shows an overview of the effects of cigarette smoke 

on skin.  
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1.4.3 UV irradiation 

 

The electromagnetic radiation emitted by the sun has a wavelength range of several 

hundred nanometers. A very small fraction of this radiation is able to reach the Earth's 

surface through the ozone layer in the atmosphere. These are the ultraviolet rays (UVR 

280-400 nm), the visible light (VL 400-760 nm), and the infrared light (IR 760 nm-1 mm). 

Of the ultraviolet spectrum, only UVB (280-315 nm) and UVA (315 nm-400 nm) reach the 

earth's surface [93-95]. UVC rays (100-280 nm) are absorbed by the ozone layer and can 

only be measured at higher altitudes. However, in photo dermatology, UV radiation is 

divided into three distinct wavelength-based regions: The three main categories of UV 

radiation are UVA (320-400 nm), UVB (290-320 nm), and UVC (200-290 nm) [96, 97]. 

UV rays are important for Vitamin D synthesis and can cause i.a. acute pigmentation, 

erythema (sunburn) and hyperplasia. Chronically, it leads to photoaging and 

photocarcinogenesis [94, 98-100].  

Approximately 90-95 % of the solar radiation reaching that reach the earth are UVA rays, 

and the remaining 5-10% are UVB rays. The intensity of UVB radiation can vary with 

latitude and altitude [100, 101]. Depending on the wavelength, ultraviolet rays can 

penetrate deeper into the skin [102]. For UVB rays, they can penetrate from the superficial 

layer down to the stratum basale of the epidermis. In comparison, UVA rays can penetrate 

deeper into the skin tissue until the dermis, as shown in Figure 4 [39].  

Figure 3 Effects of cigarette smoke on skin on a molecular basis. Modified from [1, 2]. 
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Figure 4 The solar ultraviolet radiation spectrum and its penetration depth into human skin. 
according to [39, 100, 101]. The Figure was partly generated using Servier Medical Art, provided 
by Servier, licensed under a Creative Commons Attribution 3.0 unported license. Figure modified 
by adding text and markings. 

UVB rays can be absorbed directly by DNA or melanin because they are chromophores. 

Here, UVB rays can still cause the generation of harmful reactive oxygen and nitrogen 

species (ROS and RNS). A defense mechanism of the skin is delayed tanning due to 

melanin synthesis when it is exposed to UVB radiation to reduce sunburn. The protective 

effect of the melanin against UV-induced damage is limited. Studies have suggested that 

UVB irradiation can induce the expression and activity of MMPs. These enzymes 

contribute to the breakdown of extracellular matrix components, which can lead to 

photoaging and cancer formation [57, 103]. 

UVA radiation, on the other hand, penetrates deeper and is subject to a different 

pathomechanism. It is a photosensibilization reaction, in which UVA exposure leads to the 

development of oxidative stress through the formation of free radicals in the skin [39, 104, 

105]. There are two types of reaction: either reactive oxygen species (ROS) are formed by 

electron transfer or highly reactive singlet oxygen (1O2) is formed from molecular oxygen 

by direct energy transfer [104, 106]. This can further promote inflammation or the 

development of cancer [39, 99]. When UVA rays encounter polycyclic aromatic 

hydrocarbons, oxidative stress in the skin can be increased. The effect of PAHs was 

described in chapter 1.4.1 Air pollution. The synergistic effects of UVA radiation and PAHs 

can lead to increased genetic damage and acceleration of photoaging and carcinogenic 

processes [107, 108]. This has been demonstrated by Saladi et al. who found increased 

levels of 8-hydroxy-29-deoxyguanosine (8-OHdG), a marker of oxidative DNA damage, in 
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the skin of mice [109]. Permeation rates of PAHs under UV radiation into the skin also 

change significantly causing more damage [110].  

1.5 Methods to expose skin to air pollution and measure the effect of 

pollution in skin 

1.5.1 Methods for cigarette smoke exposure  

So far, only a few methods are available to expose skin to air pollution, especially, cigarette 

smoke, in a reproducible manner, being important to be evaluated. However, some steps 

should be followed.  

The first step is to postulate a hypothesis. This will enable you to apply the right method in 

a targeted way. In vitro experiments and cell culture experiments are often used as a basis 

which can later be transferred to ex vivo and then finally to in vivo models, which are more 

complex.  

The next step would be to select the pollutant and the exposure method. In this case, 

cigarette smoke is often used. It is important to note that cigarettes include tobacco leaves, 

which are still a natural product. Therefore, the content can still vary. The type of cigarette 

and the additives also have a variation effect. These can vary in terms of nicotine, tar, 

carbon monoxide, heavy metals, etc. [111, 112]. The next question that needs to be 

addressed is how the exposure should be performed [24].  

Exposure chambers are the method of choice. They can vary in size from an average 

radius of 3 cm to a volume in the square meter range. The number of puffs per minute play 

also a part in this. There are two different standards for the frequency of exposure: 

International Organization of Standardization (ISO) and Canadian Intense (CI) standards. 

According to ISO, to smoke a cigarette with a machine, there is a 2s puff for every 60s and 

for CI it is 2s for every 30s [78, 113]. Depending on the size of the chamber, the 

concentration in the chamber can vary. The number of cigarettes burned can also have an 

effect.  

So far, the effect of cigarette smoke on skin has been investigated but was rarely analyzed 

in combination with the actual concentration that the sample is exposed to. This is 

important because the dosage has an effect on the response of the sample to cigarette 

smoke. To date, only a few studies have used cigarette smoke as a model for air pollution 

on skin. Most pollution studies have used particulate matter in particle sizes smaller than 

PM2.5 or diesel exhaust particles (DEP) [20, 114]. These pollutants are easier to dose and 

standardize in experiments. Consequently, they are more popular in studies because they 

are easier to handle.  
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One popular method to expose skin to cigarette smoke is using cigarette smoke extract 

(CSE). In a closed system cigarettes are burnt and then the smoke is transferred to a 

culture medium or a buffer solution. In most cases, one cigarette is captured per 25 mL of 

medium [24]. This extract is 100 % from cigarette smoke and is further diluted depending 

on the experiment. Depending on the solvent, different aqueous or organic components of 

the cigarette smoke and its deposits may be dissolved. For example, PAHs may be more 

soluble in organic solvents [115]. CSE is then added to cell cultures to measure the effect 

on the cells. It is important to note that with CSE, not all the constituents of cigarette smoke 

end up in the extract. For example, the concentration of highly volatile components such 

as aldehydes varies and PAH9s solubility depends on the used solvent. In addition, the 

concentration of short-lived reactive species may vary depending on the age of the extract 

[85, 86]. Most importantly, the extract does not reflect the real conditions of exposure to 

cigarette smoke [24].  

Studies have investigated the effect of CSE in vitro and in vivo. The results of the studies 

indicate that CSE activates the AhR pathway in human fibroblasts and keratinocytes, 

resulting in the production of MMP-1. This may further stimulate extrinsic skin aging [115]. 

Another study showed that CSE induces Egr-1 expression in human keratinocytes via 

MAPK, leading to increased TNF-α expression. This may lead to the inflammation that is 

involved in the onset and progression of psoriasis, for example [116]. Cigarette smoke has 

also been shown to promote premature skin aging in an in vivo study. In this study, CSE 

was applied to live hairless mice three times a week for six months. It was shown that the 

content of collagen bundles decreased. This may promote premature skin aging [117].  

Other studies apply another method to study the effect of cigarette smoke in the skin. This 

second method uses smoke chambers [118, 119]. These are chambers connected to a 

vacuum pump or fan [73, 74]. The samples are placed into these chambers and the 

cigarette smoke is introduced. Fans are used to increase the distribution of smoke in the 

chamber. Based on the puff frequency and the number of cigarettes, the intensity and 

concentration in the chamber can be determined. The main advantage is that not only the 

particulate phase but also the gas phase enters the chamber and is exposed to the sample. 

In addition, not only mainstream smoke but also sidestream smoke can be used [24].  

In an ex vivo study, living human skin explants (HSE) were exposed to two cigarettes in a 

smoking chamber (Pollubox ®) for two hours. Cigarette smoke exposure was shown to 

cause oxidation of skin lipids. The parameters TEWL and pH were also affected by 

cigarette smoke [38]. Increased lipid peroxidation after exposure to cigarette smoke was 

also found in an in vivo study. In this study, 3 cm diameter exposure chambers were 
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attached to the back of subjects and the skin was exposed to cigarette smoke for 30 

minutes [120]. 

1.5.2 Effects of pollution on skin 

There are different ways of measuring the effects of air pollution on the skin depending on 

the nature of the pollutants. Each pollutant acts different on the skin, therefore it is difficult 

to choose a method that will cover and measure all the effects in a realistic manner. 

Therefore, it is important to look at each method in detail and individually and to be aware 

of its limitations. 

Different methods are available depending on the skin model chosen to study. Regarding 

the effect of pollution, the focus was on skin aging, and the path mechanism studied after 

exposure, e.g. oxidative stress and inflammation [24]. 

For in vivo studies, several epidemiological studies were carried out that retrospectively 

described the skin aging effects of pollution on the skin. For example, wrinkles and the 

development of pigment spots were used to compare the magnitude of different exposure 

concentrations [84, 121].  

Measuring lipid oxidation on the skin of human forearms after smoke exposure has been 

another method for in vivo studies. Measuring the skin pigmentation and melanin 

pigmentation associated with gene expression after pollution exposure is another recent 

method [20].  

At the molecular level, there has been a move towards in vitro and ex vivo methods. A 

popular qualitative tool has been the measurement of oxidative stress after pollution 

exposure using the DCFH-DA assay, which is an immunohistochemistry method [74, 122], 

or the determination of inflammatory markers such as interleukins [119, 123].  

In this work, the methods of Electron Spin Resonance Spectroscopy (EPR) and confocal 

Raman microspectroscopy (CRM) were used. EPR can be used to measure radical 

production after stress induction in the skin, while CRM can measure the increase in 

oxidative stress-induced autofluorescence. The following chapters will introduce these two 

methods. 
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1.5.2 Electron paramagnetic resonance (EPR) spectroscopy methods to 

measure the effect of cigarette smoke in skin   

Electron spin resonance (EPR) spectroscopy is a method that allows quantitative and 

qualitative analysis of free radicals in the skin. This method is non-invasive and can be 

used in vivo, ex vivo, and in vitro. Paramagnetic substances can absorb resonant 

microwaves in an external magnetic field. Therefore, the EPR can measure unpaired 

electrons in paramagnetic substances. They have an intrinsic angular momentum due to 

the spin of the unpaired electrons which is defined by the spin quantum number (ms) [124, 

125]. 

This momentum generates a magnetic moment that interacts with the external magnetic 

field of the EPR spectrometer. In the presence of a strong external magnetic field, the 

electrons can split into different energy levels, which is known as the Zeeman Effect. 

Unpaired electrons can orient themselves in two directions. If the attraction is towards the 

magnetic field, it is called the <parallel= ground state. The spin quantum number (ms) is 

then + ½. If there is a repulsion directed in the opposite direction, it is called the <anti-

parallel= ground state. Here, the spin quantum number is ms 3 ½ [125, 126].   

Zeeman splitting leads to an energy gap between the two states. This energy gap 

describes the difference between the potential energies of the two ground states and is 

proportional to the strength of the external magnetic field (Figure 5a) [124, 125, 127]. 

The EPR method works as follows: The sample is placed in the resonator and a 

homogeneous magnetic field is applied. Microwaves are emitted at a constant frequency 

and the magnetic field strength is adapted until resonance is achieved. Only under 

resonance conditions does the magnetic field strength correspond to the energy difference 

that occurs when the microwave radiation is absorbed [125]. 

The different frequencies used in EPR determine the sensitivity and depth of penetration 

of the measurement into the sample. For in vivo measurements, the L-band at 1 GHz is 

widely used. Here the microwave radiation reaches a depth of 5 - 10 mm in water-rich 

samples. The X-band at 9 GHz reaches a penetration depth of 0.5 - 1 mm in aqueous 

samples, which is ideal for ex vivo and in vitro measurements. The microwave radiation is 

absorbed by the water and polar lipids [128]. 
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Figure 5 a) Zeeman splitting of an electron's energy levels in an increasing strength B-field. 
The spin is at ms = 1/2, shown in two different energy levels. When the energy level of the 
microwaves resonates with the difference of both energy levels, it will lead to absorption. b) EPR 
absorption spectrum of PCA and its first derivation. The first derivative of the absorption 
spectrum is the actual EPR spectrum. The important information is on the details of the spectral 
lines. The spin marker consists of a nitroxide radical with hydrophilic properties. d) EPR spectrum 
of PCA after 0 and 1 minute. A decrease in spectrum intensity can be evaluated after 1 minute of 
irradiation (red) of excised porcine skin treated with PCA compared to a non-irradiated sample (0 
minute, black). According to [125, 129-132] 

1.5.2.1 Spin probes 

Free radicals have a very short half-life, which can range from one nanosecond to ten 

seconds [36]. In order to detect and measure them, the radicals need to be labelled. 

Organic molecules are used as markers for EPR measurements to stabilize the radicals 

in the investigated system. These adducts have a longer half-life than the pure radicals 

and are therefore easier to detect. Most spin probes used for EPR measurements are 

nitroxides, which have a free, unpaired electron in the outer shell (Figure 6a) [133-135]. 

This allows them to give an active signal in the EPR spectrometer. When the spin probe 

encounters a free radical, the spin probe reacts with the free radical and therefore 

becomes EPR-inactive (Figure 5c). As a result, the intensity of the EPR signal decreases 

as the amount of radicals in the spin probe increases [132]. This indicates of how many 

radicals are formed as a result of an external stressor, e.g. UV irradiation. The choice of 

solvent plays an important role in the interaction between electrons, nuclear spins and the 

signal of the spin probe, e.g. PCA ((3-(Carboxyl)-2,2,5,5-tetramethyl-1-Pyrrolidinyloxy) 

(Figure 6a). For example, a higher ethanol concentration has an effect on where the PCA 

gets distributed in the microenvironment of the SC [136].  
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The unpaired electron of PCA is next to the nitrogen atom of the nitroxide structure (Figure 

6a). The nucleus of the nitrogen has its own magnetic momentum, which generates a local 

magnetic field. Thus, the magnetic field of the 14N atom can be oriented in three different 

ways inside the external magnetic field B0, since the nuclear spin has an exact value of 1 

[137]. This can be seen in the EPR spectra. The first derivative is the absorption spectrum. 

The double integral of the spectrum provides an effective means of determining signal 

intensity (Figure 5b). 

Another spin probe is TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) (Figure 6b), which 

can indicate the antioxidative status of a microenvironment. TEMPO is amphiphilic due to 

its uncharged piperidine nitroxide radical and therefore can be used to study membrane 

lipids [138].  

Another stable radical is 1,1-diphenyl-2-picrylhydrazyl (DPPH) the assay of which is used 

for radical scavenging assessment (Figure 6c). DPPH can be used to assess antioxidant 

activity of various compounds. The original concentration of DPPH is reduced, which is 

indicated by a change in color of the solution from purple to yellow. To assess the 

antioxidant capacity of different ingredients and formulations, the measurement of the 

radical protection factor (RPF) can be used. The RPF is the amount of reduced DPPH 

when it was put in a solution with the testing compound. The difference between the DPPH 

solution and the control DPPH intensity was normalized to 1 mg input. This gives a unit of 

RPF in 1014 radicals/mg [139, 140]. 

 

Figure 6 EPR spin probes and their stable radicals. a) Chemical structure of PCA b) TEMPO c) 
DPPH. According to [130, 141, 142] 
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1.5.3 Measuring autofluorescence using different Confocal spectrometers 

after cigarette smoke exposure in skin  

Raman spectroscopy constitutes a distinctive vibrational spectroscopic method. It 

operates by discovering interactions produced by shining monochromatic light onto a 

sample. The light induces molecular vibrations that can be utilized to determine the traits 

of the sample [143]. 

When monochromatic light is directed at a sample, the photons can be absorbed, causing 

the sample to enter an electronically excited state. However, as it lacks the necessary 

energy to remain in this state, it returns to the ground state and releases a photon with 

less energy and a longer wavelength [143]. Autofluorescence needs to be distinguished 

from the Raman effect since both result in longer-wavelength photon emission. However, 

the detector of the Raman micro spectroscope fails to differentiate between the two effects, 

compromising the accuracy of Raman spectra. Fluorescence spectra exhibit wider bands 

and do not relay data about molecular vibrations [144].  

In this work, the confocal Raman spectrometer was used to measure autofluorescence, 

which is conventionally considered an unwanted side effect. Fluorescence can be 

subordinated to luminescence, where susceptible molecules (fluorophores) emit light from 

electronically excited states created by absorption of light (Figure 7).  

 

Figure 7 Jablonski energy diagram of electronic energy levels of fluorophore molecules. 
Excitation by a light source is shown in upward arrows. The emission of photons is shown in 
downward arrows. The relaxation to the S1- state after photon absorption are shown as wiggly 
arrow. According to [145, 146] 

Fluorophores such as mitochondria and lysosomes can be found in biological tissues 

[147]. Autofluorescence in biological tissue is strongest when excited with short 

wavelengths, such as those in the UV range. The intensity of autofluorescence decreases 
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as the excitation wavelength increases, for example, with red and near-infrared light. 

Additionally, the intensity of autofluorescence decreases significantly as the depth of the 

skin increases [148]. 

Confocal laser scanning microscopy (CLSM) is an optical imaging technique that 

generates fluorescence in the visible spectrum region with a continuous-wave laser. It can 

also be used to assess autofluorescence. The fluorophore molecule can enter the excited 

state within this range. CLSM produces horizontal images and in-depth scanning, unlike 

CRM, which allows only for in-depth analysis [148]. 

1.6 Evaluation of anti-pollution formulations  

It is essential to conduct appropriate tests to evaluate the efficacy of anti-pollution skin 

care products. It is crucial to consider the importance of reliability, reproducibility, and 

conditions that are as close to real-world settings as possible when designing a study. 

For such products, there are requirements. Many products are supposed to reduce the 

particle load by exfoliating the skin. They should restore and reinforce the skin barrier, stop 

air pollution from depositing on the skin and from penetrating it, and ideally shield the skin 

from UV rays, which can amplify the effects of air pollution [25, 149].  

Regular skin cleansing with cleansers, which removes particles and pollutants from the 

skin, is one type of skin protection. This ought to stop air pollutants from penetrating the 

skin. The use of film formers is also an option [25]. 

The use of ceramides, natural fat building blocks that protect our skin from moisture loss 

and environmental influences, can also improve the skin barrier [150]. 

Another option is the use of antioxidants in skin care products. Antioxidants and metal-

chelating compounds can be used to mitigate the effects of oxidative stress in skin [151-

153].  

According to Chapter 1.1.2, the efficacy of products may be studied in vitro, ex vivo, and 

in vivo depending on the region of production and distribution. In terms of efficacy, products 

can be studied for their preventive, short-term, or long-term protection under real and 

controlled conditions. Examples of the study of immediate and long-term protection by 

anti-pollution products have already been demonstrated using spectrometric and 

chromatographic methods [24]. In these studies, cotton swab samples were taken from 

the forearms of the test persons before and after air pollution exposure and examined for 

the composition of the skin lipids. If an increased concentration of lipid peroxidation 

markers could be measured, such as squalene monohydroperoxides or malondialdehydes 
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(MDA), the effect of the development of oxidative stress could be demonstrated. The 

reduction of oxidative stress would then provide information about the effectiveness of the 

anti-pollution products. In these studies, Bielfeldt et al. already examined two antioxidants 

in a base cream formulation for their effectiveness ex and in vivo [73]. 

Another example of in vitro studies is the work of Áscová et al. In this study, two 

carotenoids were tested against synthetic antioxidants in four in vitro and ex vivo models 

regarding their protective properties in relation to oxidative stress. The researchers applied 

stressors directly to the excised porcine skin and employed a range of techniques to 

evaluate the antioxidant activity of the substances. In the ex vivo method, they used 

hydrogen peroxide to represent the production of endogenous ROS in the human body 

and cigarette smoke as an air pollution model [122].   

However, there is still a lack of studies investigating the efficacy of anti-pollution products 

under real-life conditions: most of the studies did not measure the exact concentration of 

the pollutants, which is an important factor in assessing the effectiveness of individual 

products. In addition, additional in vivo studies using non-invasive techniques, which 

allows to study the skin alteration directly, are still missing.  
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1.7 Objectives 

The aim of this work is to assess the effectiveness of anti-pollution creams ex vivo and 

validating them in vivo. 

To accomplish this, a carefully controlled environment was created to expose the skin to 

air pollution. Two exposure chambers were constructed that were suitable for both ex vivo 

and in vivo studies. Cigarette smoke was utilized as a model pollutant, as the chemical 

compounds are comparable to air pollutants. The degree of exposure was determined by 

measuring the nicotine concentration and correlating it to the actual particle concentration 

inside the chamber. Moreover, the nicotine concentration was directly measured on the 

exposed skin enabling the establishment of a correlation between the level of exposure 

and the impact of pollution.  

After the construction of a reproducible and realistic exposure chamber, two measurement 

methods were developed ex vivo and in vivo to measure the effect in the skin after 

exposure to pollution. 

The first ex vivo method established was the EPR method, which is suitable for quantifying 

radicals in the skin. The EPR technique is a suitable method to measure radicals in the 

skin. Different spin markers were used to quantify the radical production in the skin. The 

study investigated the effects of cigarette smoke, both alone and in combination with UVA 

irradiation. However, due to practical limitations in vivo measurements were not possible.  

The second ex vivo method used the autofluorescence of the skin following exposure to 

cigarette smoke. To measure autofluorescence, a Confocal Raman Microscope (CRM) 

was used as a sensitive photospectrometer. The study of autofluorescence can be useful 

in examining the effects of oxidative stress resulting from exposure to cigarette smoke.  

This measurement method was applied to in vivo research to assess the impact of pollution 

on healthy skin in a clinical setting. The ex vivo results were compared with the in vivo 

data to validate the findings. 

To evaluate the effectiveness of anti-pollution creams, five different formulations were 

tested using ex vivo methods. Regrettably, due to limiting factors, in vivo testing could not 

be conducted.  
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2. Results 

2.1 Establishment of a method to expose and measure pollution in 

excised porcine skin with electron paramagnetic resonance 

spectroscopy 
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A B S T R A C T   

Health problems associated with the amount of air pollutants are increasing worldwide. Pollution damages not 
only the lungs; it also has an impact on skin health and is co-responsible for the development of skin diseases. 

Anti-pollution products are on the rise in the cosmetic market but so far, there is no established method to 
directly assess the impact of pollution on the skin and to test the ef昀椀cacy of anti-pollution products. 

To address this problem, two different chambers were developed for the reproducible exposure to realistic air 
pollutant concentrations. One chamber for the exclusive use of excised skin and hair samples, the second 
chamber for ex vivo and in vivo measurements. Measurements of nicotine next to the investigated skin area allow 
conclusions to be drawn on the particle concentration to which the skin is exposed. Electron paramagnetic 
resonance spectroscopy, which enables the detection of free radicals in different systems, was applied to assess 
the hazard potential of pollution in the skin. A direct proof of the formation of free radicals in the skin by the 
model pollutant cigarette smoke could be demonstrated. An additional application of UV irradiation even 
increased the formation of free radicals in the skin seven-fold (sum parameter). Depending on the question of 
interest, the use of different spin probes allows various assessments of the radical formation in skin: the amount 
of radicals but also the antioxidant status of the microenvironment can be estimated. 

Using two exposure chambers, the direct formation of oxidative stress by cigarette smoke on ex vivo skin, with 
and without additional UV exposure, could be reproducibly examined. This measurement method is promising 
for the assessment of anti-pollution products and could allow a direct causal connection between pollutant, effect 
on the skin and the protective function of skin care products.   

1. Introduction 

The increase of air pollutants worldwide causes major health prob-
lems. According to WHO (World Health Organization), it leads to more 
than 7 million deaths each year (Organization, 2021). Pollution not only 
affects the mucous membrane in the lungs, it can also damage our skin 
barrier and is linked to the development of skin diseases (Mannucci and 
Franchini, 2017). Main components of air pollution are particulate 
matter, hydrocarbons, carbon monoxide, carbon dioxide, nitrogen 
monoxide, nitrogen dioxide, and sulphur trioxide (Ferrara et al., 2021; 
Kampa and Castanas, 2008). The main cause of advancing air pollution 

is the worldwide industrialization. The increased use of machines, the 
growing mobility of people by cars and airplanes, and the rising energy 
demand are leading to an increase in air pollution, which, in addition to 
climate change, also affects global health (7 million deaths, 2014). 

Causal relationships between oxidative stress-associated phenotypes 
and air pollution are given. Epidemiological and mechanistic studies 
could demonstrate that air pollution promotes premature skin aging: a 
positive correlation between exposure to air pollution and external signs 
of skin aging and skin hyperpigmentation has been demonstrated and a 
20% concentration-dependent increase in pigment spots due to air 
pollution could been shown (Vierkotter et al., 2010). Furthermore, air 
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pollutants can lead to aggravation of already existing symptoms through 
oxidizing chain reactions, e.g., in atopic dermatitis (Kim et al., 2015). 

In general, oxidative stress is manifested by an increased concen-
tration of free radicals (reactive oxygen species, ROS) in the body, 
resulting in an imbalance in the redox homeostasis (Baek and Lee, 
2016). It has been proven that ROS are involved in the development of 
many diseases such as cardiovascular disease (Rosoff et al., 2020) and 
cancer (Sobus and Warren, 2014), as well as in the aging of the organism 
(Liguori et al., 2018). The increasing rate of ROS can lead to extended 
oxidative destruction of single cell components and tissues (Bacic et al., 
2016). 

Endogenous as well as exogenous antioxidants, which have to be 
taken up by nutrition, are responsible for maintaining the balance be-
tween oxidants and antioxidants (Wolf, 1998). Antioxidants are the best 
choice to counteract elevated levels of ROS. In recent years, the cosmetic 
industry has been launching anti-pollution care products on the market 
whose effectiveness has not yet been suf昀椀ciently proven. In order to 
prove the effectiveness of anti-pollution products, a suitable and 
reproducible measurement method is to be established, which will be 
able to directly detect the effects of air pollutants and demonstrate the 
effect of anti-pollution products on excised skin (ex vivo) or in vivo after 
exposure to pollution. 

Since cigarette smoke contributes to air pollution, it serves as a good 
experimental representative, because of its ubiquitously presence and a 
similar PM 2.5 concentration like diesel exhaust (Invernizzi et al., 2004), 
which is a major outdoor pollutant. Cigarette smoke is an aerosol which 
contains over 1015-1017 particles per puff. Polycyclic aromatic hydro-
carbons, nitrosamines, and other organic noxious substances represent 
the main components (Kopa and Pawliczak, 2018) and up to 4000 
different chemical compounds are released during cigarette consump-
tion or burning (Bourgeois et al., 2016). 

Cigarette smoke can be divided into a particle phase and a gas phase. 
The gas phase contains free radicals and oxidants that are in a steady 
state, meaning that they are continuously formed and destroyed. Over 
time, the concentration of free radicals increases. The particle phase 
contains at least 3500 toxic chemical compounds and is mostly 
responsible for the ROS production which promotes the development of 
carcinogenic and mutagenic effects in humans (Pfeifer et al., 2002). In 
the particle phase the tar in cigarettes is smaller than 2.5 µm in size and 
can therefore penetrate easily into the deeper airways up to the alveoli 
promoting damage of cell components (Bernhard et al., 2007). To date, 
however, the effects of such cigarette smoke particles on the skin have 
not been further characterized and no precise PM values have been 
published for skin exposed to extensive pollution so far. 

The electron paramagnetic resonance (EPR) spectroscopy enables 
the direct measurement of paramagnetic substances, i.e., free radicals by 
the use of spin probes or spin traps (Pryor et al., 1983; Yamaguchi et al., 
1992; Marchand et al., 2017). In this study, the spin probes PCA 
(3-(carboxyl)− 2,2,5,5-tetramethyl-1-pyrrolidinyloxy) and TEMPO (2,2, 
6,6-tetramethylpiperidine-1-oxyl) were used. PCA enables the detection 
of free radicals due to external stress sources, e.g., irradiation because 
this spin probe shows only a slow or no penetration rate into cells 
(Swartz et al., 1986) so that metabolic radicals have only little in昀氀uence 
on the measured radical concentration. The nitroxide TEMPO is a typical 
spin probe for the investigation of the antioxidant status. Its amphiphilic 
character allows the uptake into cells enabling the spin probe to interact 
directly with metabolically produced radicals and antioxidants (Elpelt 
et al., 2020). 

Numerous studies on the formation of radicals in tobacco smoke 
using EPR technology have already been published (Pryor et al., 1983; 
Yamaguchi et al., 1992). First investigations are being conducted to 
investigate the effect of cigarette smoke on the metabolism and skin by 
EPR spectroscopy (Bielfeldt et al., 2021). Bielfeldt et al (Bielfeldt et al., 
2021). were able to demonstrate radical formation by cigarette smoke in 
combination with additional irradiation on skin. 

Gao et al (Gao et al., 2002). have shown the effect of the gaseous 

phase of cigarette smoke in rat mitochondria membrane. 
Interestingly, the effect of cigarette smoke alone and the absolute 

quanti昀椀cation of smoke-induced radicals on skin has not been previ-
ously studied by EPR. 

In addition to air pollution, the skin is exposed to numerous exoge-
nous factors, including UV radiation. Cigarette smoke as well as UV 
radiation belong to exposomal factors that can lead to skin aging as 
summarized by Krutmann et al (Krutmann et al., 2021). In general, UVA 
and UVB radiation are sources of radical production in the skin, leading 
to skin aging, in昀氀ammation, and cancer (Tarbuk et al., 2016). UVA 
mainly induces radicals, while UVB primary causes DNA damage 
(Meinke et al., 2021). Thus, sunlight or UVA represents an additional 
parameter to enhance a stress response in skin (Herrling et al., 2006). 

In this study, two exposure chambers have been developed for the 
targeted exposure of skin to realistic pollution concentrations. There-
fore, cigarette smoke was chosen as a model pollutant. It can be easily 
applied and is readily accessible for investigations. Nicotine measure-
ments were implemented to determine the concentration of the partic-
ular matter of the smoke. The amount of cigarette smoke exposure was 
controlled by the number of cigarettes and a targeted smoke release, 
regulated by the experimental setup. EPR spectroscopy was applied 
using the spin probes PCA and TEMPO. The radical-inducing effect of the 
particle phase as such, and the combination with the exogenous factor 
UV irradiation on skin were investigated. 

2. Materials and methods 

2.1. Materials 

2.1.1. Exposure chambers 
To enable a reproducible, uniform and realistic smoking of the skin, 

two exposure chambers have been developed, into which excised skin, 
hair as well as a complete forearm of a volunteer can be inserted (Fig. 1). 

These two chambers, which were designed in cooperation with the 
in-house Center for Scienti昀椀c Workshops of the Charité - Uni-
versitätsmedizin Berlin, have a cylindrical shape with different venti-
lation openings for an even distribution of the pollutant. They are 
compact chambers made of polyacryl, whose opening is provided with a 
removable lid for insertion of skin samples, a forearm of a volunteer or 
hair. For the big chamber (Fig. 1a), a silicon ring was integrated into the 
removable lid to ensure an airtight seal of the chamber, despite an 
inserted forearm. It provides a volume of 3800 cm3 , with a length of 
34 cm and a cross section of 113.1 cm2. The smaller chamber (Fig. 1b) 
has a volume of 520 cm3 and is placed upright. The height of both 
chambers (horizontal position for the big chamber and vertical position 
for the small chamber) are comparable with 12 cm. The big chamber 
also has a baf昀氀e plate and a fan for even distribution of the pollutant. 
The small chamber was not equipped with a baf昀氀e plate or fan in order 
not to interfere with hair analysis. 

2.1.2. Research cigarettes 
For the exposure experiments, the research cigarettes 1R6F (ISTD =

internal standard, https://www.coresta.org/university-kentucky- 
reference-cigarette) were applied (ISO standard, ingredients per ciga-
rette: tar: 8.6 mg; nicotine: 0.72 mg; carbon monoxide: 10.1 mg) (Sakai 
et al., 2020). 

2.1.3. Irradiation unit 
UV irradiation was used as an additional stressor for a distinct 

measurement of free radicals induced by smoke exposure vs. untreated 
skin. For the MS 5000 EPR system, a UVA-LED irradiation unit with a 
wavelength of 365 ± 5 nm (Freiberg Instruments GmbH, Freiberg, 
Germany) and a UVA irradiance of 18 mW/cm2 for 7 min was used. For 
the in situ irradiation, an irradiation time was selected which corre-
sponds to about 1/3 minimal erythema dose for UVA (MED, 9 J/cm2) 
(Diffey and Farr, 1989). The intensity of the UVA-LED light source was 
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measured with an 843-R Power Meter (Newport Corporation, CA, USA). 
Thereby, the distance was chosen according to the irradiated skin 
sample within the resonator of the EPR device. 

For the investigation using the MS 300 EPR spectrometer, a Hönle 
SOL 2 sun simulator H2 (Dr. Hönle AG, Gilching, Germany (range 
280–1400 nm) was used. The irradiances as integrated value over the 
spectral ranges were E (UVB=280–320 nm) = 1.5 mW/cm2 and E (UVA 
= 320–400 nm) = 18.8 mW/cm2, corresponding to a MED of 1.2 after 
5 min of irradiation. The intensity of the light source was measured with 
a UV-Meter µC Basic (Dr. Hönle AG, Gilching, Germany). 

2.2. Methods 

2.2.1. Particle measurements 
With an aerosol monitor (DustTrak™ Aerosol Monitor, Model 

8530EP, Driesen + Kern GmbH, Bad Bramstedt, Germany); the particle 
concentration of cigarette smoke could be measured up to a maximum 
concentration of 400 mg/m3 whereby all particles with a diameter up to 
10 µm were recorded. With only one cigarette the maximum measurable 
particle concentration is reached, but this range does not re昀氀ect real 
environmental conditions. In order to be able to detect particle con-
centrations above 400 mg/m3 , an additional measuring method for 
recording the nicotine concentration in the exposure chambers was 
established (see 2.2.2). A correlation between the particle concentration 
and nicotine concentration was used to draw conclusions about the 昀椀nal 
aerosol concentration inside each exposure chamber. 

2.2.2. Determination of nicotine concentration 
Nicotine is a major component in cigarette smoke (Hammond et al., 

1987), why it is often used as a surrogate parameter. In this approach, 
the nicotine absorption spectrum was applied to measure the increase of 
particle concentration in the exposure chambers. A positive correlation 
between the concentration of nicotine and the number of particles 
should be given. 

In Fig. 2, the general set up of the particle measurement method for 
the big chamber is shown. From the chamber, the smoke is either 
directed via the measuring gas washing bottle or, if the taps are closed, 
sucked directly into the washing bottle by the pump. The bypass valves 
are required to regulate the pump 昀氀ow. The total amount of the cigarette 
extract was collected in the measuring washing bottle and nicotine was 
昀椀nally quanti昀椀ed by UV–VIS spectroscopy (Perkin Elmer, Inc., Waltham, 
MA, USA). Here, the second maximum of the nicotine UV absorption λ 

260 nm curve was used. 

The cigarette smoke introduced into the exposure chamber was 
transferred into a washing bottle containing water (Fig. 2, washing 
bottle for measurement). The absorption of nicotine of this aqueous 
solution was also determined by the UV–VIS spectrometer Perkin Elmer 
Lambda 650 S (Perkin Elmer, Inc., Waltham, MA, USA). In addition, the 
absorption of pure nicotine in the aqueous (260 nm) (Clayton et al., 
2013) and ethanolic solution (262 nm) (Swain et al., 1949) was 
measured and calibration curves were created. 

The nicotine measurement results from the measuring washing 
bottle allow conclusions to be drawn about the average concentration in 
the air, but they do not re昀氀ect the exposure on the skin. Therefore, an 
additional 昀椀lter was placed next to the skin sample. After each smoking 
exposure, the 昀椀lter was extracted in 10 ml either ethanol or distilled 
water for 30 min and the UV absorption of nicotine was analyzed by the 
UV–VIS-spectrometer. Thus, the smoke exposure on the skin can be re-
昀氀ected independent of the size of the chamber and the smoking regime. 

In this way, the smoke exposure of the skin could be quanti昀椀ed with a 
relative standard derivation of 2.6%. 

2.2.3. Electron paramagnetic resonance spectroscopy 

2.2.3.1. EPR devices. Two different EPR devices were applied for the 
quanti昀椀cation of the radicals in the skin samples. 

On the one hand, the X-band EPR system MiniScope MS 5000 

Fig. 1. Two smoking chambers manufactured by the center for scienti昀椀c workshops (Charité - Universitätsmedizin Berlin, Germany). a): big smoking chamber for ex 
and in vivo studies; 1: vents, 2: silicon ring, 3 two 昀椀lter papers placed next to each other, skin sample on one 昀椀lter, second 昀椀lter for nicotine extraction, 4: baf昀氀e plate 
with fan for smoke distribution b): small chamber for ex vivo studies only (skin and hair).c) small chamber view from above. 

Fig. 2. Setup of the particle and nicotine measurement with the big exposure 
chamber. The particle monitor, which can measure particles sizes < 10 µm up 
to 400 mg/m3 , is attached to the exposure chamber. The smoke of a cigarette 
passes the chamber and exposes the sample in the chamber. Then the smoke 
passes the washing bottle for measurements (=extraction) and the washing 
bottle for protection until it reaches the pump. Different valves allow the 
control of the pump power for regulating the smoke amount in the big chamber. 
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(Magnettech, Freiberg Instruments GmbH, Freiberg, Germany) was 
used, on the other hand the MiniScope MS 300 (Magnettech GmbH 
Berlin, Germany) was applied. A special feature of the MS 5000 is that 
irradiation can take place in situ what allows the direct determination of 
the absolute amount of induced radicals in the skin. 

For better overview, both devices and their settings are shown in 
Table S1. 

2.2.3.2. Sample preparation and EPR measurements. Porcine ears were 
obtained from a local butcher and were used within 48 h after slaugh-
tering, which is a time range ensuring metabolic response, as shown for 
radical formation due to infrared irradiation (Darvin et al., 2010) and 
enzymatic response e.g. catalase activity (Haag et al., 2010). The Vet-
erinary Of昀椀ce Dahme-Spreewald approved the experiments in accor-
dance with Section 3, Article 17, paragraph 1, of Regulation (EC) No 
1069/2009 of the European Parliament and Council dated October 21, 
2009, laying down health rules for animal products not intended for 
human consumption by-products. After receiving the porcine ears, these 
were washed with cold water and the hair was carefully removed by 
shaving. They were kept at 4 çC until use. 

For the measurements with the MS 5000, 300 µm thick slices of split 
skin were cut by using a dermatome (type GA 140, Aesculap-Werke AG, 
Melsungen, Germany). The split skin was kept refrigerated in moist 
towels until use, max. 6 h after dermatomization. An 8 mm (ø) punch 
biopsy from split skin was placed into a tissue culture plate (24 Well, 
Falcon, NC, USA) on one 昀椀lter disc (Filter Disks for Finn Chambers 
8 mm, Smart Practice, Denmark) moistened with 15 µl PBS. Then an 
additional 昀椀lter disc soaked with 38.4 µl 1.5 mM PCA (Sigma-Aldrich, 
Steinheim, Germany) was applied on top of the skin biopsy. After an 
incubation time of 5 min the skin was measured with the EPR spec-
trometer (untreated) or was exposed to cigarette smoke (treated) using 
the big exposure chamber. The time interval between the spin probe 
incubation and the EPR measurement had always been maintained, 
regardless of whether the skin was untreated or treated. For the EPR 
measurements, a skin sample of 4 mm (ø) was punched out from the 
center of the incubated biopsy. The skin sample was then placed into a 
tissue cell (Magnettech Freiberg Instruments GmbH, Freiberg, Germany) 
which was placed in the EPR resonator for measurement. 

EPR measurements were performed at 32 çC with the help of a 
temperature control unit (BTC01, Magnettech, Berlin, Germany) and 
measured in a single scan operation mode with 14 spectra over a time of 
400 s. The magnetic parameters for the measurement were already 
established in Lohan et al (Lohan et al., 2021a). and are shown in 
Table S1. 

The preparation method for the MS 300 was different: Fresh porcine 
ear skin was prepared by removal of the subcutaneous fat. 1 cm by 1 cm 
skin samples were placed on 昀椀lter that were incubated with 30 µl of PBS 
in a weighing pan. For the EPR investigations, two spin probes were 
used: PCA and TEMPO (Merck KGaA, Darmstadt, Germany). A spin 
probe solution was diluted in 50% ethanol/water to a concentration of 
1 mM PCA (10 mM TEMPO). 5 µl of the PCA or TEMPO solution was 
applied directly onto the skin surface, evenly distributed and allowed to 
penetrate for 10 min prior to cigarette smoke exposure. 

After the smoking-procedure (treated or untreated), a 4 mm (ø) 
punch biopsy was taken, placed into a tissue 昀氀at cell (Magnettech Berlin, 
Germany) and the PCA signal was determined using EPR spectroscopy 
(magnetic parameters are listed in Table S1) after 6 different UV irra-
diation time points (t = 0, 30 s, 1 min, 2 min, 3 min, 5 min, Hönle SOL2 
sun simulator). For a better overview, the different sample preparation 
techniques are shown in Table S2. 

2.2.4. Cigarettes exposure 
The number of cigarettes was adapted to the size of the exposure 

chamber. Five cigarettes with cut off 昀椀lters were used simultaneously for 
the big exposure chamber, the skin sample was actively exposed to 
smoke for 5 min, pumping time was one minute, and the following four 
minutes the smoke had time to settle on the skin. 

For the small exposure chamber, one cigarette was applied. Cigarette 
smoke has been applied for 5 min by interval smoke exposure (2 s on/ 
30 s off). 

2.3. Data analysis and statistics 

The data are presented as mean + /- standard error of the mean 
(SEM). Per ear, double measurements were carried out. An IBM Statis-
tical Package for the Social Sciences (SPSS) Statistics version 27 (IBM 
Corporation, Armonk, USA) was applied for the statistical analysis. The 
signi昀椀cance of the radical production in excised porcine skin over the 
entire measurement period was evaluated by generalized estimating 
equation (GEE). A p-value of less than 0.05 was considered as statisti-
cally signi昀椀cant. 

Calculations of the quanti昀椀cation of the spin concentration with the 
MS 5000 were based on the method of Lohan et al (Lohan et al., 2021b). 

Relative radical production was calculated by evaluating the peak to 
peak intensity of the spin probe. 

3. Results 

3.1. Determination of particle and nicotine concentration on excised skin 
samples 

Reproducible exposure of the skin to cigarette smoke was the pre-
requisite for reliable radical measurement in skin. As the concentration 
of the particle-measuring device is limited to 400 mg/m3 , another 
method has to be established which allows the reproducible detection of 
higher exposure concentrations. Therefore, the particle concentration 
and the nicotine concentration in the washing bottle were determined in 
parallel and correlated with each other after the smoke exposure in the 
chambers. The particulate matter concentration correlates signi昀椀cantly 
(p < 0.001) with the nicotine concentration measured in the washing 
bottle (Fig. 3a). 

The particle concentration measured with the particle-measuring 
device 昀氀uctuates; the relative standard deviation is around 12%, 
which is comparable with the total standard deviation of the absorption 
values from the photometric determination of the cigarette extract from 
the washing bottle (Table S3). 

Taking this correlation into account, a rough estimation of the PM 
concentration would be possible at higher PM concentration where 
radical formation could be observed if we assume that this relationship 
can be extrapolated. The disadvantage of this procedure is that the 
amount of smoke passing through the chamber does not necessarily 
correlate with the amount of exposed smoke on the skin. This depends 
on the pumping power and the residence time of the individual smoke 
regimes and the homogenous distribution within the chamber. 

The deposition of nicotine on a 昀椀lter near the skin samples exposed 
inside chambers could provide a measurement of the portion of the 
smoke that reaches the skin. The variation of the different methods to 
estimate the particle or nicotine concentration in the chamber is shown 
in Table S3. The nicotine deposit on the 昀椀lter was determined with the 
lowest SD of 2.6% in comparison to the extract from the washing bottle 
(SD %: 12) and the particle concentration from the particle measuring 
device (SD %: 12) and most accurately represents the amount of smoke 
on the skin. 

For all further measurements, the smoke exposure on the skin sam-
ples was determined using the “昀椀lter assisted method“. 

To be able to transfer the PM concentration from the nicotine 
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concentration on the 昀椀lter, both nicotine absorptions in the extract of 
the washing bottle and the extraction of the 昀椀lter paper were investi-
gated. Fig. 3b shows a signi昀椀cant (p f 0.01) linear correlation of both 
nicotine concentrations. This correlation provides the possibility to es-
timate the PM for each measurement and possibly to normalize the data 
to the quantity applied. 

3.2. Ex vivo measurements with various X-Band EPR spectrometers 

3.2.1. Comparison of smoked and non-smoked skin 
The effect of cigarette smoke without additional stressor application 

on excised porcine skin is shown in Fig. 4. The formation of free radicals 
was investigated with the spin probes PCA and TEMPO. The MS 5000 
EPR spectrometer is a further development of the MS 300 EPR spec-
trometer and enables the direct quanti昀椀cation of radicals as shown in 
Fig. 4. For the measurements with the MS 300, the relative radical 
production is presented. 

Fig. 4a shows the absolute cumulative radical production of cigarette 
smoke-exposed and non-exposed excised porcine skin. In smoke-exposed 
porcine ears, signi昀椀cantly more radicals were produced (p f 0.001) 
than in non-smoked porcine ears. Compared to the metabolic activity in 
non-exposed skin, the absolute radical production in smoke-exposed 
skin is almost twice as much (1.06 ± 0.31 ×1013 to 2.85 ± 0.36 ×1013 

radicals/mm3). Nicotine concentration on the skin was 319 ± 17 µg/ 
cm2, which corresponds to a PM concentration of 96,771 mg/m3 in the 
big chamber. 

Fig. 4b shows the relative cumulative radical production of cigarette 
smoke-exposed and non-exposed excised porcine skin with TEMPO. A 
signi昀椀cance between these two groups is given (p f 0.05). Nicotine 
concentration on the skin was 72.4 ± 6.6 µg/cm2. 

3.2.2. Comparison of the effect of smoke and UV on skin 
To enhance the effect of cigarette smoke on the skin, irradiation was 

additionally applied as an external stress factor. Cigarette smoke, UV 

Fig. 3. Calibration curves of nicotine absorption and concentration in the washing bottle in correlation to a) particle monitor and b) 昀椀lter paper extract, a) nicotine 
absorption at 260 nm of the extract of the washing bottle as a function of the particle concentration measured by a particle monitor in the big chamber. The mean 
particle concentration in the chamber was measured within seven minutes, R2 = 0.551; * **p f 0.001, b) nicotine concentration in washing bottle extract and 昀椀lter 
paper extract after smoke exposure of 昀椀ve minutes. Nicotine concentration was calculated from the nicotine absorption at their second maximum λ 260 nm for 
washing bottle extract and λ 262 nm for 昀椀lter paper extract. R2 = 0.955, * *p f 0.01. 

Fig. 4. Cumulative radical production after exposure of cigarette smoke only, using the spin probes PCA and TEMPO.a) Absolute cumulative radical production in 
porcine skin caused by 5 min cigarette smoke exposure of 昀椀ve cigarettes (black triangles) within the big exposure chamber compared to its metabolic activity (green 
triangles). The skin samples were incubated for 10 min with 38.4 µl of an 1.5 mM PCA solution at 32 çC and were measured with setup A; Mean ± SEM (n = 7), 
* ** p f 0.001.b) Relative cumulative radical production in porcine skin caused by 5 min exposure to smoke of one cigarette (black triangles) within the small 
exposure chamber compared to its metabolic activity (green triangles). The skin samples were incubated with 5 µl/cm2 10 mM TEMPO solution for 10 min and were 
measured with setup B; Mean ± SEM (n = 3), * *p f 0.01. 
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irradiation and the combination of both stress factors were examined on 
excised skin with regard to the formation of radicals via EPR (Fig. 5). 

Cigarette smoke and UVA irradiation alone, but also the combination 
of both exogenous stress factors lead to a signi昀椀cant (p f 0.01, 
p f 0.001) radical production (Fig. 5a). In a direct comparison, smoke 
alone generated 1.28 ± 0.33 × 1013 radicals/mm3 in the skin. 
Compared to UVA irradiation of 5 min (2.7 ± 0.5 ×1013 radicals/mm3), 
cigarette smoke induced round about half as many radicals in the skin. 
The combination of cigarette smoke and UVA irradiation is three times 
higher (6.8 ± 1.1 ×1013 radicals/mm3) compared to 5 min cigarette 
smoke alone and increased by 20% compared to UV irradiation alone. 
The induction of free radicals in the skin by smoke alone was achieved 
by an average nicotine amount of 308 ± 27 µg/cm2 after 5 min. In the 
experiments using the combination with UVA irradiation, an average 
nicotine amount of 297 ± 25 µg/cm2 was detected. 

With the MS 300, the radical production was measured not only by 
irradiation but also in combination with cigarette smoke. The UV- 
induced radical formation in the porcine skin due to cigarette smoke 
has increased by 40% with a high signi昀椀cance (p f 0.001) (Fig. 5b). 
Nicotine concentration on the skin was 62.7 ± 3.5 µg/cm2 after 5 min 

exposure which was 4 times lower than in the big exposure chamber. 
In Fig. 6 the relative radical production of the two applied setups are 

compared. Both setups were individually optimized to maximal radical 
production per applied smoke or smoke plus irradiation. UV and VIS 
range was used for the MS 300, and UVA in-situ-irradiation was applied 
for the MS 5000. Not only the preparation of the samples varied in both 
setups, also the dose of exposure in both chambers was different. 
Interestingly, both EPR methods show a comparable development of free 
radicals in skin. Cigarette smoke in combination with irradiation led to 
an increased radical production for both measurement methods: 29% for 
the MS 300 with simulated sun light (setup B) and 37% for the MS 5000 
using UVA light (setup A). For the setup B, an average of 68 µg/cm2 

nicotine was detected on the 昀椀lter next to the exposed skin, for the MS 
5000 the average was 296 ± 24.5 µg/cm2 nicotine, when cigarette 
smoke and irradiation were combined. 

Fig. 5. Relative cumulative radical formation induced by irradiation and smoke 
alone and in combination. a) Comparison of the relative radical production in 
ex vivo porcine skin after exposure to smoke of 昀椀ve cigarettes for 5 min (black 
triangle) within the big exposure chamber, and in-situ UVA irradiation 
(365 nm) at 18 mW/cm2 (red square) and combination of both (blue circle). 
The skin samples were incubated with 38.4 µl 1.5 mM PCA for 10 min at 32 çC 
and were measured with the MS 5000; Mean ± SEM.(n = 5); * *p f 0.01; 
* **p f 0.001.b) Comparison of the relative radical production in ex vivo 
porcine skin after smoke exposure by one cigarette for 5 min within the small 
exposure chamber and sun simulator irradiation (blue circle) irradiation alone 
(red square). The skin samples were incubated with 5 µl/cm2 1 mM PCA for 
10 min and were measured with the MS 300; Mean ± SEM 
(n = 4); * **p f 0.001. 

Fig. 6. Comparison of the relative radical production of two EPR methods run 
by two different EPR devices. Setup A: Five cigarettes in 5 min within the big 
exposure chamber, UVA 365 nm; 18 mW/cm2, Mean ± SEM (n = 5), Setup B: 
One cigarette in 5 min within the small exposure chamber, Sun light simulator, 
UVB 280–320 nm; 1.5 mW/cm2 and UVA 320–400 nm; 18.8 mW/cm2, Mean 
± SEM (n = 4). With the addition of cigarette smoke (CS), there is an increase 
in radical production in both systems. Between both devices and methods, the 
differences between the groups are comparable. Within the experiment, both 
devices reveal signi昀椀cant differences between irradiated skin on the one hand 
and smoked and irradiated skin on the other. 

Fig. 7. Correlation of nicotine concentration [µg/cm2] on porcine skin and 
cumulative radical production [radicals/mm3 ] in excised porcine skin after 
5 min measurement time/ irradiation time. The black squares represent the 
radical production due to cigarette smoke. The blue dots due to the combina-
tion of CS and UVA. A possible correlation is shown with cigarette smoke alone 
(R2 =0.2983, p * f 0.05),in combination with UVA irradiation (R2= 0.1391). 
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In Fig. 7 the correlation between the nicotine concentration on skin 
and the induced radical production is given. A positive trend of corre-
lation between nicotine concentration and cumulative radical formation 
can be shown (R2 = 0.2983, p f 0.05). If one combines cigarette smoke 
with UVA irradiation, no signi昀椀cant correlation (R2 =0.1391) is given. 

4. Discussion 

4.1. Controlled smoke exposure 

In this study, newly constructed exposure chambers were estab-
lished, which can expose skin samples to cigarette smoke (Fig. 1). It 
could be demonstrated that smoke, which settles down on the excised 
skin samples, induces free radicals, which can be directly measured by 
EPR spectroscopy (Fig. 4). With the help of a particle-measuring device, 
values up to 400 mg/m3 could be measured in the big chamber. How-
ever, one cigarette already exceeded this value by far. Using a calibra-
tion curve, values above 400 mg/m3 could be determined by taking 
nicotine absorption values from the extracts from the washing bottle 
(Fig. 3a). In order to record the exact exposure of smoke on the skin, a 
昀椀lter paper was placed next to it and was evaluated for nicotine con-
centration. A correlation between the nicotine absorption between the 
washing bottle extract and the extraction of the 昀椀lter was given (Fig. 3b) 
and allows also an estimation of the particle concentration. 

There are already some pollution chambers on the market, but the 
pollution load has not been evaluated in suf昀椀cient detail, neither has a 
realistic smoke exposure been considered. There are two smoking re-
gimes standardized by ISO and CI (Hammond et al., 2007), one with a 
60 s puff interval and 2 s duration and one with a 30 s puff interval and 
2 s duration. The CI regime, which was applied with the small chamber, 
as well as the ISO regime could not be converted to the big smoking 
chamber because the number of radicals produced by these regimes was 
not enough to be detectable in the big volume of the chamber in ex vivo 
skin by EPR measurements (data not shown). 

However, pure smoking-exposure on the skin was not measured in 
the past in general. In this research project, a method was developed that 
enables the precise determination of nicotine as a marker for smoke 
exposure on skin after application. Many factors need to be considered 
here which has a major impact on the smoke exposure: The size of the 
exposure chamber, the number and brand of cigarettes and the smoking 
regime (Goel et al., 2018). Goel et al (Goel et al., 2018). have found out 
that the frequency, as well as the length of puf昀椀ng during smoking, has a 
signi昀椀cant impact on the radicals produced in the gas and particulate 
phase. The two standard methods, ISO and CI, refer to small chambers 
developed in the past. The transfer of these smoke regimes to bigger 
chambers (as in this research approach) is dif昀椀cult due to the difference 
in volume. To ensure a reproducible amount of smoke in an exposure 
chamber, a certain concentration must be achieved. Smoke concentra-
tions below 140 mg/cm2in the chamber lead to no or hardly measurable 
radical production (Fig. 7). From previous studies, it was shown that the 
majority of the stable ROS produced originated from the particulate 
phase of cigarette smoke (Baum et al., 2003). 

With the 昀椀lter method next to the skin sample, the amount of 
exposed smoke on the skin can be determined with high precision, 
regardless of the size of the exposure chamber and smoking regime used. 
Thus, the amount of smoke reaching the skin might not be perfectly 
reproducible but can be monitored with high concision. 

4.2. Spin probes for investigating smoke effects 

To determine the effect of cigarette smoke on excised porcine skin, 
the radical production was investigated using two different EPR devices. 
Both devices were able to measure the radical production caused by 
smoke exposure in skin. Furthermore, different spin probes were 
applied. TEMPO can be easily taken up by cells and can be oxidized and 
reduced (Fuchs et al., 1997); both reactions lead to a decrease in the EPR 

signal. In contrast to PCA, the reaction of TEMPO with antioxidants is 
more pronounced so that the antioxidant status of a microenvironment 
can be assessed (Elpelt et al., 2020). Nevertheless, signi昀椀cant differences 
between with and without smoking regime could be measured with 
setup B (Table S2) using the spin probe TEMPO (Fig. 4b). TEMPO was 
more sensitive compared to PCA, which did not show altered EPR signals 
if the skin samples were exposed to one cigarette (data not shown). In 
future, cream formulations are to be tested which could include anti-
oxidants, thus TEMPO might not be a suitable candidate because it can 
react with the antioxidants of the creams so that radical measurements 
are no longer possible (depletion of the spin probe). 

PCA is widely used to probe short-lived radicals in samples. It is also 
EPR-active, like TEMPO, and becomes inactive upon reaction with 
radicals. Based on the PCA decay, the number of produced radicals can 
be calculated for quanti昀椀cation (Herrling, 2003). Due to its signal in-
tensity and high stability, this spin probe was used for both EPR systems 
with different concentrations depending on the detection rate 
(Table S2). 

Depending on the EPR system’s sensitivity and smoke regime, radical 
production due to smoke exposure alone and combined with irradiation 
could be detected (Fig. 4). With a concentration of 1.5 mM for the big 
chamber and 1 mM PCA for the small chamber, a signi昀椀cant difference 
between smoked and non-smoked skin alone (big chamber) (p f 0.001) 
and with additional irradiation (small exposure chamber, p f 0.05) 
could be measured. The induction of radicals due to UV+VIS+IR irra-
diation is higher than UVA alone (Fig. 5). 

4.3. Effects of smoke alone and combined with light 

In Fig. 6, the comparison of the two setups has shown that similar 
results can be achieved. The combination of irradiation and smoke led to 
an increase of radical production in excised porcine skin. 

In various literature, the synergistic effect of cigarette smoke and 
UVA irradiation is described. The combination of these exogenous stress 
factors led to a measurable increase in radical formation in the skin 
(Fig. 5), but the nicotine concentration per cm2 did not change much 
(Fig. 7). The radical inducing effect of UVA seems to promote radical 
production more strongly in a shorter time vs. cigarette smoke alone 
(Ibuki et al., 2002). UVA penetrates the full epidermis and reaches the 
dermis and can decrease the skin’s protective immune response 
(Herrling, 2003). Not only UVA alone, also in combination with an 
environmental pollutant, e.g. cigarette smoke, ROS are generated. One 
of them is polycyclic aromatic hydrocarbons incl. benz[a]pyrene (BaP) 
that are photosensitizers, which undergo more reactions under UVA 
irradiation. Saladi et al (Saladi et al., 2003). investigated the DNA 
damage due to the combination of BaP and UVA in murine skin. BaP 
alone could form DNA adducts that can lead to carcinogenesis; but this 
process can be accelerated by UVA light. In the review of Burke and Wei 
(Burke and Wei, 2009), more investigations of the combination of UVA 
and pollutants are listed. For example, there is a higher risk for 
dysplastic and malignant lip lesions when exposed to sunlight and 
cigarette smoke (King et al., 1995). The induction of tumors by UVA or 
BaP alone requires a high dose, whereas a lower intensity is required 
when both are combined (Wang et al., 2005). This is also shown for the 
EPR data (Fig. 5). The combination of UVA and cigarette smoke led to a 
1.75 times higher radical production as by the sum of both, thus rein-
forcing effects occur. 

4.4. In昀氀uence of setups 

In addition, it could be shown that a signi昀椀cant difference between 
smoked and non-smoked skin was only determined when the measured 
nicotine concentration on the area reached a threshold at 140 µg/cm2 

within the big chamber (Fig. 7). Therefore, this effect could not be 
shown with PCA in the small chamber, as the nicotine concentration was 
too low, here one cigarette only in combination with irradiation was 
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enough to induce measurable radical formation in skin. At this smoke 
concentration, only TEMPO was sensitive enough to show relative low 
but still signi昀椀cant differences. 

Nicotine has no direct in昀氀uence on radical production in the skin, but 
an in昀氀uence on other signaling cascades in the skin that can induce 
oxidative stress (Valacchi et al., 2012). However, the nicotine concen-
tration can give conclusions about the concentration of other 
radical-inducing substances. To measure a signi昀椀cant impact of cigarette 
smoke in skin, a higher concentration of ROS was needed, which could 
be achieved by using 5 cigarettes (big chamber)/1 cigarette (small 
chamber). This means a threshold must be exceeded to induce further 
radicals in excised porcine skin (140 mg/cm2). In the small chamber, the 
nicotine concentration was much below this radical generating 
threshold. Nevertheless, radical formation induced by cigarette smoke 
in lower concentrations can be detected when the skin is additionally 
irradiated (Fig. 5). 

The nicotine concentration of 昀椀ve cigarettes in the big chamber 
corresponds to the amount of nicotine intake of more than 8 h in a disco/ 
pub in Europe within 昀椀ve minutes (Lopez et al., 2008). Therefore, this 
setup was adapted to mimic cigarette smoke long time exposure of 
real-life situations. 

Experiments with one cigarette alone in the big exposition chamber 
showed no signi昀椀cant differences in radical production between unex-
posed and exposed skin in contrast to the small exposure chamber (data 
not shown). The smoking regime had to be adapted 昀椀rst. 

With cigarette smoke alone, a tendency of correlation between the 
nicotine concentration and the radical formation in excised skin is given. 
In contrast, no correlation between nicotine concentration and radical 
production was found with the combination of cigarette smoke and UVA 
irradiation (Fig. 7). After burning cigarettes, the skin was covered in a 
layer of tobacco (Ortiz and Grando, 2012). This can result in the skin’s 
protection from UVA. It was discussed that nicotine from tobacco could 
protect the skin from the in昀氀ammatory reaction caused by UV radiation 
and hence reducing the risk of melanoma (Sondermeijer et al., 2020). 

A stronger decrease of the spin probe PCA could be detected in in-
dividual cases depending on the applied nicotine concentration. The 
amount of exposure could be quanti昀椀ed in our work in contrast to 
various similar studies regarding cigarette smoke exposure on skin. 

In the next step, the irradiation intensity was adjusted. In the 
beginning, the irradiation was 100 mW/cm2 and was gradually reduced 
to 18 mW/cm2. This equals less than one-third MED-UVA. It could be 
seen that the amplitude drop of the spin probe at a high irradiation in-
tensity was too big to detect a signi昀椀cant difference. Therefore, the in-
tensity and spin probe concentration were adapted until a suf昀椀cient 
decrease in PCA was shown. 

4.5. General discussion 

In general, the detection of metabolic radicals is dif昀椀cult due to their 
low concentration and short lifetime (Buettner and Jurkiewicz, 1993). 
Various detection methods are available in this regard: from the deter-
mination of the total ROS concentration in tissues/cell culture to the 
speci昀椀c detection of oxidation products of various cell components, e.g., 
DNA (comet assay). These detection methods are primarily based on the 
detection of 昀氀uorogenic compounds using 昀氀uorescence spectroscopy 
(Zhang et al., 2009). It has already been established that the radicals 
generated in cigarette smoke could be measured with methods like the 
DCFH-DA (22,72-dichloro昀氀uorescin-diacetate) assay (Hergesell et al., 
2022). 

DCFH-DA assays indicate the presence of ROS by the oxidation of 
non-昀氀uorescent molecules into a 昀氀uorescent one. Due to many reaction 
steps and the complex system that is needed, it can lead to misleading 
results (Bonini et al., 2006; Ahlberg et al., 2016). In comparison, the EPR 
spectroscopy is an alternative non-invasive method for the detection of 
radical formation in tissue (in vivo , ex vivo) and cell cultures (Meinke 
et al., 2012; MiÇsıḱ and Riesz, 1999). It can identify and quantify free 

radicals in samples directly and needs no intermediate reaction steps 
(Peijnenburg et al., 2020). The use of so-called spin probes allows 
statements about the formation of radicals (e.g., PCA) or the endogenous 
redox state (e.g., TEMPO) (Elpelt et al., 2020). Furthermore, EPR could 
also be used to identify the formed radicals using spin traps as shown for 
dose dependent irradiation (Lohan et al., 2021b). 

Furthermore, in terms of radical production, similar patterns have 
been observed when comparing human skin (in vivo) with excised skin. 
The expression of the absolute radical quantity in excised skin is lower 
due to the non-continuous oxygen supply, but the relative ratios be-
tween ex vivo and in vivo skin are comparable (Meinke et al., 2015; 
Lohan et al., 2016). 

5. Conclusion 

In this study, an innovative EPR method has been established which 
allows the direct measurement of smoke-induced radicals alone and in 
combination with UV irradiation in two different smoke exposition 
chambers. 

The smoke exposition can be reproducibly determined. Cigarette 
smoke alone could induce radicals, when the smoke exposure threshold 
of 140 µg/cm2was exceeded. The amount of radicals is correlated to the 
amount of smoke. Below this threshold, there was a very good detection 
of smoke induced radicals using PCA by additional UV irradiation and a 
low but signi昀椀cant using TEMPO. PCA was chosen as detection molecule 
of choice because of its more stable chemical nature. The combination of 
cigarette smoke and UVA induced the highest number of radicals in the 
skin due to synergistic effects. Cigarette smoke was able to increase the 
UV-induced radicals in porcine skin again by up to 20% but independent 
from the amount of smoke applied to the skin. These results add to the 
knowledge that the combination of both is most harmful. This new 
method is intended to be used to assess the effectiveness of anti- 
pollution products in the future. 
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Table S1: Comparison of the applied magnetic parameters for MS 5000 and MS 300 

EPR device MiniScope MS 5000 MiniScope MS 300 

Microwave frequency 9.4 GHz 9.3-9.55 GHz 

microwave power 10 dB (10 mW) 20 dB 

Modulation 0.20 mT 1 G 

Modulation frequency 100 kHz 100 kHz 

sweep time (measuring time) 10 sec 30 sec 

coupling time 15 sec n.d. 

magnetic field B0 337.16 mT 336.2 mT 

Sweep 7.67 mT 8.8 mT 

 

Table S2: Comparison of two EPR methods run by different EPR devices 

 Setup A Setup B 

EPR system MS 5000 

 

MS 300 

EPR spin marker 38.4 µl 1.5 mM PCA 5µl 10 mM TEMPO / 1 mM 

PCA 

Exposure chamber big chamber  small chamber 

sample size 4 mm in diameter 1x1 cm square, 4 mm in 

diameter 

Incubation time 5 min 10 min 

Smoke exposure 5 min 5 min 

Amount of cigarettes 5  1 

 

 

 

 

 

 

 



Table S3 Comparison of variation in particle or nicotine concentration measurement methods with the 

comparable setting for the big exposition chamber (setup A). One cigarette was burned for 7 min. The 

experiments were carried out twice. The same cigarette exposure setting was measured for all three methods. 
 

sample a sample b mean SD SD % 

particle 

concentration 

[mg/m³] 
59 50 55 7 12 

washing bottle 

extract [absorption 

a.u.] 
0.062 0.074 0.068 0.0084 12 

filter at the front 

extracted 

[absorption a.u.] 
0.027 0.028 0.028 0.0007 2.6 
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Abstract: Air pollution is increasing worldwide and skin is exposed to high levels of pollution

daily, causing oxidative stress and other negative consequences. The methods used to determine

oxidative stress in the skin are invasive and non-invasive label-free in vivo methods, which are

severely limited. Here, a non-invasive and label-free method to determine the effect of cigarette

smoke (CS) exposure on skin ex vivo (porcine) and in vivo (human) was established. The method is

based on the measurement of significant CS-exposure-induced enhancement in red- and near-infrared

(NIR)-excited autofluorescence (AF) intensities in the skin. To understand the origin of red- and

NIR-excited skin AF, the skin was exposed to several doses of CS in a smoking chamber. UVA

irradiation was used as a positive control of oxidative stress in the skin. The skin was measured

with confocal Raman microspectroscopy before CS exposure, immediately after CS exposure, and

after skin cleaning. CS exposure significantly increased the intensity of red- and NIR-excited skin

AF in a dose-dependent manner in the epidermis, as confirmed by laser scanning microscopy AF

imaging and fluorescence spectroscopy measurements. UVA irradiation enhanced the intensity of AF,

but to a lower extent than CS exposure. We concluded that the increase in red- and NIR-excited AF

intensities of the skin after CS exposure could clearly be related to the induction of oxidative stress in

skin, where skin surface lipids are mainly oxidized.

Keywords: cigarette smoke; oxidative stress; Raman spectroscopy; NIR autofluorescence; red

autofluorescence; skin fluorophores; metabolic imaging

1. Introduction

The increase in air pollution over the years has had a major effect on human health
and the quality of life. In 2022, the World Health Organization reported that exposure to
air pollution (e.g., polycyclic aromatic hydrocarbons, volatile organic compounds, oxides,
particulate matter, and ozone) was estimated to cause over 7 million annual premature
deaths worldwide [1]. The majority of deaths are caused by ischemic heart disease, stroke,
and chronic obstructive pulmonary disease; in addition, air pollution has enormous effects
on human skin [2,3].

Cigarette smoke (CS) is a pollutant that consists of particulate matter, polycyclic hydro-
carbons, and thousands of other components [4]. Active and passive smokers are exposed
to the fumes of cigarettes on a daily basis. CS induces oxidative stress and contributes to
the development of premature skin aging and several inflammatory pathologies [5,6].
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Skin—especially its superficial layer, the stratum corneum—acts as the most important
defense barrier against environmental contaminants. Exposure to air pollutants can induce
a harmful effect on the skin by increasing the concentration of reactive oxygen species
(ROS). The excess of ROS disturbs the oxidant/antioxidant balance, resulting in oxidative
stress. Oxidative stress induces severe alterations of lipids, DNA, proteins, antioxidants,
etc., in the skin, leading to impairment of the skin barrier function and the skin’s protection
ability. It can also lead to the development of premature skin aging and inflammatory or
allergic conditions, such as contact dermatitis, atopic dermatitis, eczema, psoriasis, and
acne, as well as skin cancer, which is the most serious result [7–9].

Currently, methods of evaluating air-pollution-induced skin damage are limited. Most
of these methods are indirect and/or invasive (e.g., skin biopsies, blood sampling, tape-
stripping, trans-epidermal water loss measurements, and epidemiological studies over
a long time period) [10–14]. In addition, there are in vitro experiments (e.g., cytotoxicity,
collagen metabolism, glutathione assays) [15–17], which might not always be representative
for non-invasive in vivo skin studies [18–20].

To address the above challenges, a label-free optical method to investigate depth-
dependently the effect of CS exposure on skin was applied. Red- and near-infrared (NIR)-
excited autofluorescence (AF) intensities in skin were measured depth-dependently on
excised porcine skin biopsies and on healthy human volunteers after dose-dependent CS
exposure and UVA irradiation using a confocal Raman microscope. As control, compart-
ments of CS alone were investigated and the skin was measured directly after exposure
and after a cleaning procedure to remove particular matter and compounds on the skin
surface, which could potentially influence AF intensity.

2. Materials and Methods

2.1. Preparation of Ex Vivo Porcine Skin Samples

Porcine ears were obtained from a local butcher, cleaned with cold water, and stored
at 4 ◦C. The ears were used within 48 h after slaughtering. Experiments were approved by
the veterinary office in Dahme–Spreewald, Germany, in accordance with Section 3, Article
17, paragraph 1, of Regulation (EC) No 1069/2009 of the European Parliament and Council
dated 21 October 2009, which establishes health regulations for animal byproducts that are
not intended for human consumption.

To perform the experiments, the hair on the porcine ear skin was trimmed with scissors
without affecting the stratum corneum. Subsequently, the trimmed skin area was cut to
≈1 × 1 cm2 pieces. At least five pieces per ear were prepared for analysis.

2.2. Preparation for In Vivo Human Skin Study

Ten healthy Caucasian volunteers (five male and five female) aged from 20 to 36 years
(mean 27.2 ± 4.5 years) were included in the study. Nine of the ten volunteers were
nonsmokers. No skin care products were used on the volunteers’ inner forearms for at least
12 h before the experiments. At first, the volunteers acclimated for 10 min in the laboratory
at set conditions (temperature +20 ◦C, relative humidity ≈40–60%). At least six positions
on their inner forearms were used for measurements.

Before starting the experiment, the study design and possible risks were explained and
the volunteers provided their informed written consent. This study was approved by the
Ethics Committee of the Charité—Universitätsmedizin Berlin (EA1/291/21, DRKS00029235)
and all procedures followed the Code of Ethics of the World Medical Association (Declara-
tion of Helsinki).

2.3. Cigarettes

Research cigarettes (1R6F, University of Kentucky, Lexington, KY, USA) (ISTD = inter-
nal standard) [21] and commercially available cigarettes (Gauloises Blonde Bleu, Tarnowo
Podgórne, Poland) were used in this study. The composition of the two kinds of cigarettes
are comparable. The ingredients of the research cigarettes 1R6F (mg/cig) were tar (8.6 mg);
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nicotine (0.72 mg); and carbon monoxide (10.1 mg) [22]. The ingredients of Gauloises
Blonde Bleu (mg/cig) are tar (10 mg); nicotine (0.8 mg); and carbon monoxide (10 mg) [23].

2.4. Cigarette Smoke Exposure on Skin

The porcine skin sample was placed in an exposure chamber that was designed by
the Charité for exposure to CS generated by the combustion of Gauloises or research
1R6F cigarettes. For the first ex vivo measurements, Gauloises cigarettes were used.
For repetitions and in vivo experiments, the 1R6F cigarettes were used. The smoking
chamber was constructed by the Centrum Wissenschaftliche Werkstaetten (CWW) der
Charité—Universitaetsmedizin Berlin. This chamber was used for ex vivo and in vivo
studies, as illustrated in Figure 1. In a previous study, the reproducible CS exposure was
measured and validated [6]. The chamber was connected to a pump, which represents the
continuous aspiration of CS. The dose of CS exposed on the skin surface was controlled
by the number of cigarettes and the pump time. For CS exposure on human skin in vivo,
gloves protecting the skin of both hands and arms were used; only the measurement area
of ≈3 × 4 cm2 was left unprotected and sealed with tapes (Figure 1b).

2.3. Cigare琀琀es
Research cigaretes (1R6F, University of Kentucky, Lexington, KY, USA) (ISTD = in-

ternal standard) [21] and commercially available cigaretes (Gauloises Blonde Bleu, Tar-
nowo Podgórne, Poland) were used in this study. The composition of the two kinds of 
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Figure 1. Exposure of a skin sample ex vivo (a) or human forearm skin in vivo (b) to cigarete smoke 
in a smoking chamber.

In the case of ove cigaretes and one cigarete, the pump was turned on for 1 min after 
one cigarete or ove cigaretes were simultaneously lighted. For ½ and ¼ cigaretes, the 
pump was turned on for 30 s and 15 s, respectively, after a cigarete was lighted. After the 
pump was turned of, all experimental samples were incubated in the chamber for a total 
of 5 min. After exposure, the skin was immediately investigated using confocal Raman 
microspectroscopy (CRM). Then, the skin piece was cleaned using distilled water (1 
mL/cm2 skin) to remove any chemicals/particulate mater on the skin surface and was 
again investigated using CRM. Intact non-exposed skin was used as a negative control. 
UVA irradiation (2 minimal erythema dose (MED)) was used as positive control.

For each experiment, an absorbing olter paper (3.5 × 2.5 cm2) was inserted into the 
chamber next to the measurement area on the forearm or skin sample to investigate the 
nicotine concentration exposed on the skin surface. To extract the nicotine, the exposed 
olter paper was incubated in 10 mL of ethanol (Uvasol® Ethanol 99.9%, Merck KGaA, 
Darmstadt, Germany). Then, the solution was measured by a UV spectrometer (Perkin 
Elmer, Inc., Waltham, MA, USA) to determine the nicotine content with the aid of a stand-
ard curve prepared from nicotine standard solutions, using the maximum wavelength of 

Figure 1. Exposure of a skin sample ex vivo (a) or human forearm skin in vivo (b) to cigarette smoke

in a smoking chamber.

In the case of five cigarettes and one cigarette, the pump was turned on for 1 min after
one cigarette or five cigarettes were simultaneously lighted. For 1

2 and 1
4 cigarettes, the

pump was turned on for 30 s and 15 s, respectively, after a cigarette was lighted. After
the pump was turned off, all experimental samples were incubated in the chamber for
a total of 5 min. After exposure, the skin was immediately investigated using confocal
Raman microspectroscopy (CRM). Then, the skin piece was cleaned using distilled water
(1 mL/cm2 skin) to remove any chemicals/particulate matter on the skin surface and was
again investigated using CRM. Intact non-exposed skin was used as a negative control.
UVA irradiation (2 minimal erythema dose (MED)) was used as positive control.

For each experiment, an absorbing filter paper (3.5 × 2.5 cm2) was inserted into the
chamber next to the measurement area on the forearm or skin sample to investigate the
nicotine concentration exposed on the skin surface. To extract the nicotine, the exposed filter
paper was incubated in 10 mL of ethanol (Uvasol® Ethanol 99.9%, Merck KGaA, Darmstadt,
Germany). Then, the solution was measured by a UV spectrometer (Perkin Elmer, Inc.,
Waltham, MA, USA) to determine the nicotine content with the aid of a standard curve
prepared from nicotine standard solutions, using the maximum wavelength of nicotine in
ethanol at 262 nm and pure ethanol as a blank. The method was previously described in
detail by Tran et al. [6].

2.5. Cigarette Smoke Exposed on a Glass Slide

An uncoated glass slide (R. Langenbrinck GmbH, Emmendingen, Germany) was put
into the smoking chamber and exposed with five cigarettes. The smoking-induced particles
deposited on the glass slide were further measured with CRM.



Antioxidants 2023, 12, 1011 4 of 15

2.6. UVA Irradiation of Porcine Skin

To induce oxidative stress (positive control), skin samples were irradiated using
an UVA–LED lamp at 365 ± 5 nm (Freiberg Instruments GmbH, Freiberg, Germany)
for 106 min, while untreated skin was used as a negative control and subjected to CRM
analyses. The applied UVA dose was 52 J/cm2, which equals 2 MED and is sufficient to
induce oxidative stress in the skin [24].

2.7. Chemical Induced Oxidation of Porcine Skin

To induce chemical oxidation in excised porcine skin, the skin samples were each
incubated with 150 µL/cm2 2 mM hydrogen peroxide, according the protocol of Hergesell
et al. [25], and 30% hydrogen peroxide for 30 min.

2.8. Red and NIR Excited Autofluorescence of Nicotine

One drop of pure nicotine (Caesar and Loretz GmbH, Hilden, Germany) was trans-
ferred to an uncoated glass slide. The Raman spectrum was recorded using CRM.

2.9. Confocal Raman Microspectroscopy (CRM)

For ex vivo and in vivo measurements, the Model 3510 skin composition analyzer
(RiverD International B.V., Rotterdam, The Netherlands) was used. For the fingerprint
region (FP: 400–2000 cm−1), the excitation wavelength was 785 nm, the exposure time
5 s, and the power 20 mW. For the high wavenumber region (HWN: 2000–4000 cm−1),
the excitation wavelength was 671 nm, the exposure time was 1 s, and the power was
17 mW [26,27]. Raman spectra were recorded from the skin surface down to 40 µm at 2 µm
increments. The utilized CRM was described in detail elsewhere [28]; it is widely used for
the analysis of skin composition and drug penetration [29–31].

2.10. Confocal Laser Scanning Microscopy (LSM) and Fluorescence Microscopy

To investigate the effect of CS exposure on the skin surface, a confocal laser scanning
microscope (LSM, VivaScope® 1500, Multilaser, MAVIG, Munich, Germany) was used to
capture the AF in skin. In this study, the laser diode of 785 nm was chosen. Before and after
CS exposure, a laser power of 5 mW was used to compare recorded AF intensities.

For both samples, a drop of immersion oil (Crodamol STS, Croda Inc., Snaith, UK)
was applied on the skin and fixated by a ring glass (adhesive window with crosshair,
Lucid Vision Labs GmbH, Ilsfeld, Germany). For optimal optical contact, ultrasonic gel
(Aquasonic 100, Parker laboratories Inc., Fairfield, CT, USA) was applied between the
objective and the ring of the investigated sample.

To confirm the results of the LSM, tape strips of untreated and CS exposed skin were
taken to measure the AF of the skin samples with fluorescence microscopy.

For the tape-stripping method, cyanoacrylate was applied on the porcine skin and
covered with adhesive tapes (Tesa®, No. 5529, Beiersdorf AG, Hamburg, Germany). With a
weighted rubber roller of 746 g, the area was rolled 10 times without additional pressure.
After 20 min, the adhesive tapes were collected and cut into two 1 × 1 cm2 pieces per
porcine ear. Every piece was solved in 2 mL ethanol (Uvasol® Ethanol 99.9%, Merck KGaA,
Darmstadt, Germany) that was added to the ultrasonic bath (Banderlin Sonorex Super RK
102H, Berlin, Germany) for 10 min at 35 kHz and, afterwards, centrifuged at 1.920× g for
an additional ten minutes. The supernatant of the solution was pipetted, filled into 500 µL
cuvettes, and measured by fluorescence spectroscopy (LS-55, PerkinElmer Inc., Waltham,
MA, USA). The excitation wavelength was 785 nm. Absorbance was measured in the
wavelength range of 820–900 nm at a rate of 100 nm per minute.
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2.11. Data Analysis

2.11.1. Comparison of Autofluorescence Intensities

Images measured by the LSM were analyzed with the ImageJ software (Wayne Ras-
band, National Institute of Health, Bethesda, MD, USA, Version 1.54b). To compare the AF
intensity values, the brightness was determined.

2.11.2. Determination of Depth-Dependent Autofluorescence Intensity

To quantify the AF intensity, the fluorescence background in the fingerprint Raman
spectra at the position 1800 cm−1 was used due to the absence of superposition with
Raman bands at this wavenumber. For the high wavenumber region, the AF intensity was
determined at position 2600 cm−1 due to the absence of superposition with Raman bands.

The mean AF intensity was determined depending on the skin depth. The investiga-
tions were performed before CS exposure, right after CS exposure, and after an additional
cleaning step with distilled water following CS exposure.

2.12. Statistical Analysis

The data are presented as mean ± standard error of the mean (SEM). For statistical
analysis, IBM Statistical Package for the Social Sciences (SPSS) Statistics version 28 (IBM
Corporation, Armonk, NY, USA) was applied. Normal distribution was tested using the
Shapiro–Wilk test. To compare significant differences, the Kruskal–Wallis Test with the
(Dunn–Bonferroni) post hoc test was used. The significance between the increase of AF
intensity in excised porcine skin and in vivo human skin over the entire measurement was
calculated with a generalized estimating equation (GEE). A p-value ≤ 0.05 was considered
to be statistically significant.

3. Results

3.1. Cigarette Smoke Increases NIR- and Red-Excited Autofluorescence Intensity in Ex Vivo
Porcine Skin

First, we assessed whether CS exposure would change the Raman spectra of porcine
skin that was being excited in the NIR range (Figure 2a–c). As shown in Figure 2b, the NIR
excited AF intensity in the representative Raman spectrum of CS-exposed porcine skin
increased dramatically—about 10-fold compared to the non-exposed skin (Figure 2a). Skin
surface cleaning results in an obvious reduction in AF intensity (Figure 2c). However, even
after removing the CS residue on the skin surface, the AF intensity was still approximately
three times higher, compared to that of the non-exposed skin serving as control (Figure 2c).

Next, we observed the increase in AF intensity excited in the red spectral range
(Figure 2d–f). Compared to the non-exposed skin (Figure 2d), CS exposure resulted in
an obvious increase in red-excited AF intensity (Figure 2e). Again, after the cleaning of
CS-exposed skin, the AF intensity remained approximately three times higher (Figure 2f)
than that in the non-exposed skin serving as control (Figure 2d).

3.2. Dose-Dependent Increase in NIR- and Red-Excited Autofluorescence Intensity of the Skin due
to Cigarette-Smoke Exposure

After assessing the impact of CS in general in excised porcine skin, the dose-dependent
relation was investigated. Porcine skin was exposed to 1/4, 1/2, one, and five cigarettes
in totals of five minutes (Figure 3). As shown in Figure 3a, the NIR-excited skin AF
intensity increased with the number of burned cigarettes. Although the skin was cleaned,
a dose-dependency between skin exhibiting NIR-excited AF intensity and the amount
of burned cigarettes could be observed (Figure 3b). The exact amount of nicotine as a
surrogate parameter for particle concentration on the skin was determined (Figure 3c) and
significantly increased with the increasing number of burned cigarettes.
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Figure 2. Representative Raman spectra of CS-exposed and non-exposed porcine skin at diferent 
depths (0340 µm) excited in NIR with a wavelength of 785 nm (a3c) and in red with a wavelength 
of 671 nm (d3f) spectral ranges: (a,d) control skin before CS exposure; (b,e) uncleaned skin after CS 
exposure; (c,f) cleaned skin after CS exposure. The arrows point to the inserts in (a,c,d,f) that show 
the zoomed spectra, for clarity. The yellow color shows the area where the AF intensity was ana-
lyzed where no Raman bands can interfere. 

Figure 2. Representative Raman spectra of CS-exposed and non-exposed porcine skin at different

depths (0–40 µm) excited in NIR with a wavelength of 785 nm (a–c) and in red with a wavelength

of 671 nm (d–f) spectral ranges: (a,d) control skin before CS exposure; (b,e) uncleaned skin after CS

exposure; (c,f) cleaned skin after CS exposure. The arrows point to the inserts in (a,c,d,f) that show

the zoomed spectra, for clarity. The yellow color shows the area where the AF intensity was analyzed

where no Raman bands can interfere.

NIR-excited skin AF intensity was highest before cleaning the skin surface; however,
even after cleaning there was a clear difference between the CS exposed and the control
group in NIR-excited skin AF intensity. After cleaning, in the superficial depth (0–5 µm), the
NIR-excited skin AF intensity was 2925 ± 344 arb. units after exposure with five cigarettes
and, therefore, more than 10-fold higher than that of the control group (246 ± 21 arb. units).
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For one cigarette, the NIR-excited AF intensity after cleaning at the skin surface was
1331 ± 68 arb. units; for 1/2 cigarette, it was 1082 ± 91 arb. Units; and for 1/4 cigarette, it
was 355 ± 21 arb. units. The values decreased with increasing skin depth, as shown in
Figure 3a,b.

3.2. Dose-Dependent Increase in NIR- and Red-Excited Autonuorescence Intensity of the Skin 
due to Cigare琀琀e-Smoke Exposure

After assessing the impact of CS in general in excised porcine skin, the dose-depend-
ent relation was investigated. Porcine skin was exposed to ¼, ½, one, and ove cigaretes 
in totals of ove minutes (Figure 3). As shown in Figure 3a, the NIR-excited skin AF inten-
sity increased with the number of burned cigaretes. Although the skin was cleaned, a 
dose-dependency between skin exhibiting NIR-excited AF intensity and the amount of 
burned cigaretes could be observed (Figure 3b). The exact amount of nicotine as a surro-
gate parameter for particle concentration on the skin was determined (Figure 3c) and sig-
niocantly increased with the increasing number of burned cigaretes.

Figure 3. Depth proole of 785 nm NIR-excited AF intensity (mean ± SEM) of ex vivo porcine skin 
after dose-dependent exposure to CS (purple4ove cigaretes, green4one cigarete, blue4½ ciga-
rete, and red4¼ cigarete) immediately after CS exposure (a) and after cleaning (b), compared to 
control non-exposed skin (black). A general estimated equation was utilized; *** p f 0.001 (CS-ex-
posed vs. control skin). (c) Nicotine concentration (mean ± SEM) measured on a olter in the smoking 
chamber after exposure with ove cigaretes in the smoking chamber (purple, 180 µg/cm2); 1 cigarete 
in the smoking chamber (green, 59 µg/cm2); ½ cigarete in the smoking chamber (blue, 48 µg/cm2); 
and ¼ cigarete in the smoking chamber (red, 33 µg/cm2). Kruskal3Wallis test with Dunn3Bonferroni 
post hoc test. ** p f 0.01.
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Figure 3a,b.

3.3. Nicotine and Cigare琀琀e-Induced Residues Do Not Enhance NIR- and Red-Excited Skin 
Autonuorescence Intensity

To verify that nicotine, as one of the main components of CS, is not the source of the 
NIR- and red-excited AF intensity of CS-exposed skin, pure nicotine was investigated with 
CRM. The results showed that nicotine is a Raman-active molecule, which does not gen-
erate any nuorescence signal under NIR- excitations (Figure 4a) or red excitations (Figure 
4b). According to Baranska et al. [32], the peak at 1592 cm21 could also refer to the pyridine 
ring, 1042 and 1026 and 924 cm21 to C-C and C-N stretching vibrations of the alkaloid in 
the pyridine ring.

In addition, we measured the CS-exposed glass slide in order to check whether CS-
related particles deposited on the skin surface are a source of NIR- and red-excited AF of 
CS-exposed skin. The results established that the CS-exposed glass slide did not show any 

Figure 3. Depth profile of 785 nm NIR-excited AF intensity (mean ± SEM) of ex vivo porcine skin after

dose-dependent exposure to CS (purple—five cigarettes, green—one cigarette, blue—1/2 cigarette,

and red—1/4 cigarette) immediately after CS exposure (a) and after cleaning (b), compared to control

non-exposed skin (black). A general estimated equation was utilized; *** p ≤ 0.001 (CS-exposed vs.

control skin). (c) Nicotine concentration (mean ± SEM) measured on a filter in the smoking chamber

after exposure with five cigarettes in the smoking chamber (purple, 180 µg/cm2); 1 cigarette in the

smoking chamber (green, 59 µg/cm2); 1/2 cigarette in the smoking chamber (blue, 48 µg/cm2); and

1/4 cigarette in the smoking chamber (red, 33 µg/cm2). Kruskal–Wallis test with Dunn–Bonferroni

post hoc test. ** p ≤ 0.01.

3.3. Nicotine and Cigarette-Induced Residues Do Not Enhance NIR- and Red-Excited Skin
Autofluorescence Intensity

To verify that nicotine, as one of the main components of CS, is not the source of the
NIR- and red-excited AF intensity of CS-exposed skin, pure nicotine was investigated with
CRM. The results showed that nicotine is a Raman-active molecule, which does not generate
any fluorescence signal under NIR- excitations (Figure 4a) or red excitations (Figure 4b).
According to Baranska et al. [32], the peak at 1592 cm−1 could also refer to the pyridine
ring, 1042 and 1026 and 924 cm−1 to C-C and C-N stretching vibrations of the alkaloid in
the pyridine ring.

In addition, we measured the CS-exposed glass slide in order to check whether
CS-related particles deposited on the skin surface are a source of NIR- and red-excited
AF of CS-exposed skin. The results established that the CS-exposed glass slide did not
show any significant increase in the NIR-excited (Figure 4c) and red-excited (Figure 4d)
fluorescence intensity.

3.4. UVA Irradiation as a Positive Control of Oxidative Stress

As a positive control of oxidative stress, the changes in NIR-excited and red-excited
AF intensity were analyzed in UVA-irradiated porcine skin. The results showed that
UVA irradiation of the skin led to a significant depth-dependent increase in NIR- and red-
excited AF intensity (Figure 4d,e). This result demonstrates that UVA-induced oxidative
stress causes an increase in NIR-excited skin’s AF intensity. In comparison, at the skin
surface (0 µm), the NIR-excited AF intensity in CS-exposed skin was approximately ten
times higher than after UVA irradiation at 2 MED (Figure 4g). After cleaning the CS-
exposed porcine skin, the AF intensity remained approximately two times higher than
in UVA-irradiated skin. In the Appendix, the AF intensity of 2 UVA–MED is presented
and compared with the samples of cleaned skin, for an overview. Here, the effect of 2
UVA–MED is comparable to that of one cigarette (Figure S2).
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Figure 4. Representative Raman spectra of nicotine excited in 785 nm NIR (a) and in 671 nm red (b); 
spectral ranges of a glass slide after CS exposure excited in NIR (c) and in red (d) ; porcine skin 
excited in NIR (e) and in red (f) spectral ranges after exposure to UVA irradiation at 52 J/cm2 for 106 
min (2 MED). The arrows point to the inserts in (b3f) that show the zoomed spectra for clarity. The 
yellow color shows the area where the AF intensity was analyzed where no Raman bands can inter-
fere. (g) Comparison of NIR-excited AF intensity in porcine skin: ove cigaretes immediately after 5 

Figure 4. Representative Raman spectra of nicotine excited in 785 nm NIR (a) and in 671 nm red (b);

spectral ranges of a glass slide after CS exposure excited in NIR (c) and in red (d); porcine skin excited

in NIR (e) and in red (f) spectral ranges after exposure to UVA irradiation at 52 J/cm2 for 106 min

(2 MED). The arrows point to the inserts in (b–f) that show the zoomed spectra for clarity. The yellow

color shows the area where the AF intensity was analyzed where no Raman bands can interfere.

(g) Comparison of NIR-excited AF intensity in porcine skin: five cigarettes immediately after 5 min of

exposure (purple squares), five cigarettes after cleaning the skin sample (green circles), 2 UVA-MED

with a 365 ± 5 nm LED for 106 min at 52 J/cm2 (red upward triangles), and control skin before CS

exposure (black downward triangles). Graphs show mean ± SEM. GEE was applied; *** p ≤ 0.001

(CS-exposed vs. UVA-irradiated skin vs. control).
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3.5. Chemically-Induced Oxidative Stress

In Figure S3, there is no significant difference in AF intensity between the control
group and chemically-induced oxidative stress.

3.6. In Vivo Skin Measurements

In order to evaluate the effect of CS exposure on human skin in vivo, the ex vivo
method was transferred to an in vivo setting. The lower forearm of each of the ten healthy
human volunteers was exposed to five cigarettes within 5 minutes in the smoking chamber
(Figure 1b). The NIR-excited AF intensity was measured before and after CS exposure and
after cleaning the CS residue from the skin surface.

The results are presented in Figure 5; they show that at the surface, the NIR-excited
AF intensity was approximately five-fold higher in the skin of the CS-exposed group,
compared to the non-exposed control area. Even after cleaning the skin after CS exposure,
an approximately three-fold increase in NIR-excited AF intensity was measured in human
skin in vivo. This result shows that CS exposure leads to an increase in NIR-excited AF
intensity in human skin in vivo. NIR-excited Raman spectra of the human skin in vivo are
shown in the Supplementary Materials (Figure S1a–c).

 

Figure 5. Depth proole of 785 nm NIR-excited AF intensity of CS-exposed human skin in vivo ( n = 
10) before CS exposure (black squares), after CS exposure to ove cigaretes within 5 minutes (red 
circles), and after cleaning CS-exposed skin (blue triangles). The average nicotine concentration on 
the olter paper was 45.5 ± 9.3 µg/cm2. In depths of 0330 µm, the diference between CS-exposed and 
non-exposed skin was signiocant (GEE, *** p f 0.001).

Red-excited Raman spectra of the human skin in vivo are shown in the Supplemen-
tary Materials (Figure S1d3f). A similar depth-dependent increase in the red-excited AF 
intensity of human skin in vivo was observed.

3.7. LSM Imaging Conorms an Enhancement of NIR-Excited Skin AF after Cigare琀琀e-Smoke 
Exposure

To support the obtained results, the AF intensities on the skin surface before and after 
CS exposure were recorded, using LSM. Figure 6 illustrates selected NIR-excited AF im-
ages of porcine skin before (Figure 6a) and after CS exposure (Figure 6b), recorded using 
LSM (785 nm). A strong, almost two-fold, increase in AF intensity, calculated as image 
brightness, could be observed in the LSM images of CS-exposed skin (4.0 arb. units), com-
pared to that of non-exposed skin (1.9 arb. units).

Figure 5. Depth profile of 785 nm NIR-excited AF intensity of CS-exposed human skin in vivo

(n = 10) before CS exposure (black squares), after CS exposure to five cigarettes within 5 minutes (red

circles), and after cleaning CS-exposed skin (blue triangles). The average nicotine concentration on

the filter paper was 45.5 ± 9.3 µg/cm2. In depths of 0–30 µm, the difference between CS-exposed

and non-exposed skin was significant (GEE, *** p ≤ 0.001).

Red-excited Raman spectra of the human skin in vivo are shown in the Supplementary
Materials (Figure S1d–f). A similar depth-dependent increase in the red-excited AF intensity
of human skin in vivo was observed.

3.7. LSM Imaging Confirms an Enhancement of NIR-Excited Skin AF after
Cigarette-Smoke Exposure

To support the obtained results, the AF intensities on the skin surface before and
after CS exposure were recorded, using LSM. Figure 6 illustrates selected NIR-excited
AF images of porcine skin before (Figure 6a) and after CS exposure (Figure 6b), recorded
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using LSM (785 nm). A strong, almost two-fold, increase in AF intensity, calculated as
image brightness, could be observed in the LSM images of CS-exposed skin (4.0 arb. units),
compared to that of non-exposed skin (1.9 arb. units).

Figure 6. Exemplary 785 nm NIR-excited AF LSM images of the superocial stratum corneum of 
porcine skin before (a) and after (b) CS exposure to one cigarete within 5 min in the exposure cham-
ber. Scale bar: 100 µm. (c) AF spectrum (mean ± SEM) of CS-exposed (ove cigaretes within 5 
minutes) porcine skin (purple) and non-exposed control skin (black), n = 6.

The spectrum of 785 nm NIR-excited porcine skin AF is shown in Figure 6c for CS-
exposed and non-exposed skin. The enhanced NIR-excited AF intensity in CS-exposed 
skin is obvious, compared to that of non-exposed skin (the average increase was 17.4 ± 3.6 
times in the spectral range of 8203900 nm).

4. Discussion
The increase in air pollution not only afects the health of our lungs, but also our skin. 

So far, insuocient non-invasive methods are available to measure the efect of pollution, 
especially CS exposure during a short time period. We chose CS because it is among the 
most toxic environmental pollutants that include particulate mater, such as polycyclic 
hydrocarbons [4]. The nicotine concentration in the smoking chamber with ove cigaretes 
for 5 minutes is comparable to spending 8 h in a bar where smoking is allowed [33]. There-
fore, to emulate the real-life CS-exposure conditions, we changed the CS exposure dose 
from ¼ of a cigarete to ove cigaretes within 5 minutes in the smoking chamber.

In this study, the non-invasive and label-free CRM method was used. It is a powerful 
technique to determine depth prooles of skin components and barrier-function-related 
parameters ex vivo and in vivo. Fluorescence background is always present in the Raman 
spectra and has an innuence on the signal-to-noise ratio [34]. Usually, it is removed to 
analyze the Raman bands in a proper way. A short acquisition time signiocantly mini-
mizes the efect of AF photobleaching [35] and allows AF intensity measurements to be 
very precise.

Figure 6. Exemplary 785 nm NIR-excited AF LSM images of the superficial stratum corneum of

porcine skin before (a) and after (b) CS exposure to one cigarette within 5 min in the exposure

chamber. Scale bar: 100 µm. (c) AF spectrum (mean ± SEM) of CS-exposed (five cigarettes within

5 min) porcine skin (purple) and non-exposed control skin (black), n = 6.

The spectrum of 785 nm NIR-excited porcine skin AF is shown in Figure 6c for CS-
exposed and non-exposed skin. The enhanced NIR-excited AF intensity in CS-exposed skin
is obvious, compared to that of non-exposed skin (the average increase was 17.4 ± 3.6 times
in the spectral range of 820–900 nm).

4. Discussion

The increase in air pollution not only affects the health of our lungs, but also our skin.
So far, insufficient non-invasive methods are available to measure the effect of pollution,
especially CS exposure during a short time period. We chose CS because it is among the
most toxic environmental pollutants that include particulate matter, such as polycyclic
hydrocarbons [4]. The nicotine concentration in the smoking chamber with five cigarettes
for 5 min is comparable to spending 8 h in a bar where smoking is allowed [33]. Therefore,
to emulate the real-life CS-exposure conditions, we changed the CS exposure dose from 1

4
of a cigarette to five cigarettes within 5 min in the smoking chamber.

In this study, the non-invasive and label-free CRM method was used. It is a powerful
technique to determine depth profiles of skin components and barrier-function-related
parameters ex vivo and in vivo. Fluorescence background is always present in the Raman
spectra and has an influence on the signal-to-noise ratio [34]. Usually, it is removed to ana-
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lyze the Raman bands in a proper way. A short acquisition time significantly minimizes the
effect of AF photobleaching [35] and allows AF intensity measurements to be very precise.

As shown in Figure 2a, at an NIR excitation of 785 nm, non-exposed porcine skin emits
only a tiny amount of AF. The same is observed at red excitation of 671 nm (Figure 2d). After
CS exposure, the NIR- and red-excited AF intensities of porcine skin ex vivo (Figure 2b,e)
and human skin in vivo (Figures 5 and S1) increased substantially. For NIR excitation,
this was confirmed by LSM AF imaging (Figure 6a,b) and by measuring the spectrum of
skin AF (Figure 6c) at the superficial depth for CS-exposed and non-exposed skin. The
sensitivity of CRM for AF measurements is, however, much higher than that of the LSM
imaging that was used.

In this study, our hypothesis was that CS exposure leads to an increase in NIR- and red-
excited AF intensity of the skin through the induction of oxidative stress. In the NIR-excited
fingerprint region and the red-excited high wavenumber region, there is no interference
in the skin between AF and Raman bands at 1800 and 2600 cm−1, respectively. Therefore,
these wavenumber positions were used to further calculate the NIR- and red-excited AF
intensity of the skin. Analysis of skin Raman spectra after CS exposure did not reveal the
appearance of new components that could help to identify the source of oxidative-stress
products. Both ex vivo and in vivo experiments showed that the increase in NIR- and
red-excited skin AF intensities was observed mainly in the stratum corneum up to the
depth of 25 µm with highest intensity at the surface. The effect on the deeper epidermis was
in agreement with the method used by Grether-Beck et al. [20], where the melanin located
in the basal layer was stimulated by diesel-exhaust-particle exposure in in vivo skin.

To confirm the hypothesis that oxidative stress leads to an increase in NIR- and red-
excited AF intensities in skin, the source of AF was investigated. As a negative control,
no evidence was found that nicotine or the CS residue itself led to a significant increase
in NIR- and red-excited skin AF intensities (Figure 4a–d). No correlation between the
NIR- and red-excited AF intensities and the CS dose represented by nicotine concentration
could be found (Figure 3a,b). As a positive control, we used UVA irradiation, which is
known to induce oxidative stress in excised skin through the generation of ROS [36,37].
The significant increase in NIR- and red-excited AF intensities was measured in excised
porcine skin after UVA irradiation at UVA–MED (Figure 4e,f). This might indicate that
oxidative stress is not only induced by UVA irradiation but also by CS exposure, which
increases NIR- and red-excited AF intensities in the skin.

After cleaning the ex vivo and in vivo skin following the CS exposure, an increased
NIR- and red-excited AF intensity could still be measured depth-dependently and com-
pared to non-exposed skin with a most pronounced change in the superficial layer of
stratum corneum depth (Figures 3b and 5). Skin cleaning removes the CS particulate
residues located on the skin surface but, as shown in Figure 4a–d, such residues are not a
source of fluorescence. Thus, we concluded that oxidized skin surface lipids are mainly
responsible for the NIR- and red-excited AF intensities in the CS-exposed skin.

Skin AF was previously investigated in smokers, due to an increase in the advanced
glycation end product concentration that serves as a biomarker for aging and is a contribut-
ing factor for degenerative diseases [38]. Endogenous fluorophores, such as porphyrins,
that are allocated on skin [39] are known to emit AF at 785 nm [35]. As porphyrins play a
key role in metabolic processes [40], oxidative stress induced by CS could increase their AF.
Moreover, the oxidized lipids, proteins, and amino acids can serve as molecular sources of
NIR- and red-excited AF in the skin [41]. It should be noted that in the skin, the number of
fluorophores absorbing light in the red and NIR ranges is strongly limited, so that reabsorp-
tion is negligible and the depth-resolved detection of red and NIR quanta is determined
very accurately [42].

Chemically-induced oxidation through hydrogen peroxide did not increase AF inten-
sity, shown in Figure S3. Hydrogen peroxide that induces intracellular stress in skin was
used as a positive control in the DCFH assays of Hergesell et al. [25]. Our method could
not detect an increase in AF intensity in red and NIR spectral regions when oxidative stress
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was induced by hydrogen peroxide, compared to that of CS exposure and UV irradiation.
One possible explanation could be the oxidation of fluorophores due to hydrogen peroxide,
as was stated for AF induced by UV radiation combined with hydrogen peroxide [43] and
in a study using microspectrofluorometry to detect AF emission from human leukemic
living cells under oxidative stress [44]. Thus, not all intracellular stress can be detected by
the presented red- and NIR-excited AF method.

It was previously shown that CS induces oxidative stress by 4-hydroxynoenal (4-
HNE), a lipid peroxidation marker and a second messenger for oxidative stress [45], and an
increase in pro-inflammatory interleukins [46,47] and via ROS [6]. Different pathways can
lead to the development of oxidative stress in skin. In previous studies, ROS production
due to UVA irradiation and CS exposure was investigated. Tran et al. [6] concluded that
UVA irradiation with less than 1/3 MED induces more ROS in the skin than the exposure
to five cigarettes. In contrast, the obtained results show that the effect on the skin is more
pronounced by CS exposure than by UVA irradiation of 2 UVA–MED (Figure 4f). Therefore,
CS exposure could induce effects other than the formation of ROS, because it leads to
stronger enhancement of NIR- and red-excited AF intensities in the skin than UVA.

In in vivo human skin, the increase in NIR- and red-excited AF intensities was shown
after CS exposure; in addition, even after cleaning the forearm, the increase was significant
compared to the non-exposed control. The AF intensity after CS exposure in excised porcine
skin was higher than in in vivo human skin, not only because of the higher CS concentration
in the chamber but also because of the higher antioxidant status and, therefore, better
protection in in vivo human skin [48,49]. Skin components in darker skin types emit higher
NIR- and red-excited AF due to the higher melanin content [50]. The AF of melanin in
the NIR at 785 nm was investigated by Huang et al. [51] and Han et al. [52] and in NIR
at 785 nm and red at 671 nm by Yakimov et al. [50]. Here, a higher melanin content was
related to a higher AF in the NIR- and red-excitation regions. This result shows that this
method has limitations in measuring stratum spinosum and stratum basal epidermal layers
of dark skin (skin types ≥ IV), as melanin interferes with the NIR- and red-excited AF
induced by oxidative stress. The limitations are expected to be less-pronounced in the
stratum corneum and stratum granulosum layers of dark skin. Porcine epidermis contains
a much lower melanin concentration than human epidermis, enabling clear investigations
of NIR- and red-excited AF without the superposition with melanin-excited AF [53]. For
precise measurements, additional stress should be avoided, as short-term sun exposure
could lead to an increase in NIR- and red-excited AF intensities. In the present in vivo
human study, melanin did not interfere with the AF signal because the volunteers had skin
types I–III, meaning that their melanin content in the epidermis was sufficiently low.

Nonetheless, we provide an alternative fast method to investigate the effect of CS on
skin, because it is label-free and non-invasive. In addition, the effect of CS on the skin can
be seen immediately by measuring skin AF, compared to the patch test of Grether-Beck
et al. [20], where the results were only visible after nine days. Here, topical application
of diesel exhaust particles led to an increase in skin pigmentation, due to induction of
melanogenesis.

5. Conclusions

The results of the present work show that skin exposure to the model pollutant
cigarette smoke (CS) led to the development of dose-dependent oxidative stress in the
epidermis. Oxidative stress was detected non-invasively by a significant increase in 785 nm
NIR-excited and 671 nm red-excited autofluorescence (AF) of the skin ex vivo and in vivo
by analysis of depth-resolved Raman spectra. The intensity of the NIR- and red-excited AF
was determined at positions of 1800 and 2600 cm−1, respectively, which did not contain
Raman bands. Our findings demonstrate that the origin of AF of CS-exposed skin is not
related to nicotine and other CS-induced residues in the superficial stratum corneum, but
is related to induced oxidative stress, in which skin surface lipids are mainly involved.
This was confirmed by the fact that cleaning CS-exposed skin resulted in a reduction
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in AF intensity, compared to uncleaned CS-exposed skin, but the AF intensity was still
significantly higher than that of non-exposed skin. An increase in NIR-excited skin AF was
also confirmed by laser scanning microscopy AF imaging and fluorescence spectroscopy.
Thus, the novel label-free, non-invasive method for assessing oxidative stress in the skin due
to CS exposure, based on the measurement of increased skin AF intensity, was presented.
With this method, it will be possible in the future to assess the protective effects of anti-
pollution skin care products.

Supplementary Materials: The following supporting information can be downloaded at: https://www.

mdpi.com/article/10.3390/antiox12051011/s1, Figure S1: Representative Raman spectra of CS-exposed

(five cigarettes within five minutes) and non-exposed human forearm skin in vivo at different depths

(0–40 µm) excited in NIR (785 nm) (a–c) and in red (d–f) spectral ranges. (a,d) Control skin before CS

exposure; (b,e) uncleaned skin after CS exposure; (c,f) cleaned skin after CS exposure. The inserts in

(a,c,d,f) show the zoomed spectra for clarity. Figure S2: Depth profile of 785 nm NIR-excited AF intensity

(mean ± SEM) of ex vivo porcine skin after dose-dependent exposure to CS (purple—five cigarettes;

green—one cigarette; blue—1/2 cigarette; and red—1/4 cigarette. Orange—2 UVA-MED) immediately

after CS exposure and after cleaning the skin probes. Figure S3: Depth profile of 785 nm NIR-excited AF

intensity (mean ± SEM) of ex vivo porcine skin after 30 min H2O2 incubation (red circles—2 mM H2O2;

blue triangles—30% H2O2), compared to control excised porcine skin (black squares).
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Supplementary Figure S1

(a) (d)

(b) (e)

(f)(c)

Figure S1: Representative Raman spectra of CS exposed (five cigarettes within five minutes) and 
non-exposed human forearm skin in vivo at different depths (0–40 µm) excited in NIR (785 nm) 
(a, b, c) and in red (d, e, f) spectral ranges. (a), (d) control skin before CS exposure; (b), (e) 
uncleaned skin after CS exposure; (c), and (f) cleaned skin after CS exposure. The arrows point 
to the inserts in (a), (c), (d) and (f) that show the zoomed spectra for clarity. The yellow color 
marks the area where AF intensity was analyzed where no Raman bands can interfere. 



Supplementary Figure S2

Figure S2: Depth profile of NIR (785 nm) excited AF intensity (mean ± SEM) of ex 

vivo porcine skin after dose-dependent exposure to CS (purple – five cigarettes, 
green – one cigarette, blue – ½ cigarette and red – ¼ cigarette, orange -  2 UVA-
MED) immediately after CS exposure and after cleaning the skin probes



Figure S3

Figure S3: Depth profile of NIR (785 nm) excited AF 
intensity (mean ± SEM) of ex vivo porcine skin after 30 
min H2O2 incubation (red circles – 2mM H2O2, blue 
triangles – 30% H2O2) compared to control excised 
porcine skin (black squares)
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Evidence of the protective effect of anti-pollution products against 
oxidative stress in skin ex vivo using EPR spectroscopy and 
auto昀氀uorescence measurements 
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C. Meinke a,*, Silke B. Lohan a 
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A B S T R A C T   

The concentration of air pollution is gradually increasing every year so that daily skin exposure is unavoidable. 
Dietary supplements and topical formulations currently represent the protective strategies to guard against the 
effects of air pollution on the body and the skin. Unfortunately, there are not yet enough methods available to 
measure the effectiveness of anti-pollution products on skin. Here, we present two ex vivo methods for measuring 
the protective effect against air pollution of different cream formulations on the skin: Electron paramagnetic 
resonance (EPR) spectroscopy and auto昀氀uorescence excited by 785 nm using a confocal Raman micro-
spectrometer (CRM). Smoke from one cigarette was used as a model pollutant. EPR spectroscopy enables the 
direct measurement of free radicals in excised porcine skin after smoke exposure. The auto昀氀uorescence in the 
skin was measured ex vivo, which is an indicator of oxidative stress. Two antioxidants and a chelating agent in a 
base formulation and a commercial product containing an antioxidant mixture were investigated. The ex vivo 
studies show that the antioxidant epigallocatechin-3-gallate (EGCG) in the base cream formulation provided the 
best protection against oxidative stress from smoke exposure for both methods.   

1. Introduction 

Oxidative stress describes the imbalance between pro- and antioxi-
dants and can lead to a wide range of in昀氀ammatory diseases, metabolic 
disorders, including cancer. Environmental toxins, like particulate 
matter, ozone, polycyclic aromatic hydrocarbons, cigarette smoke and 
UV radiation, can promote oxidative stress acutely, but also through 
long-term exposure. The skin acts as a protective barrier between our 
organs and the environment, protecting us from external in昀氀uences. Our 
skin comes into contact with environmental toxins daily. Constant 
exposure to these toxins can cause oxidative stress in the skin by stim-
ulating the production of reactive oxygen species (ROS). These can 
signi昀椀cantly affect the redox homeostasis of the skin by disturbing the 
balance between antioxidants and prooxidants. This leads to a chain 
reaction with far-reaching consequences for the body [1,2]. 

Leading manufacturers are taking advantage of growing consumer 

interest in protecting themselves from air pollution. Many products 
claim to have an anti-pollution effect. However, the test methods to 
verify this claim are still insuf昀椀cient. To investigate the ef昀椀cacy of anti- 
pollution products, this study compares two spectroscopic methods and 
examines two cream formulations, each containing a pure antioxidant, 
one containing a chelating agent, and a commercial product composed 
of three different antioxidants. Fig. 1 provides an overview of the ex-
periments conducted in this research paper. Cigarette smoke was 
selected as a model pollutant that can be reproducibly applied [3]. 

Increasing outdoor and indoor air pollution is leading to more health 
risks for humans and animals. Cigarette smoke is often used as a model 
substance for air pollution, because it has a similar composition. It 
consists of particulate matter, nitrogen and sulphur dioxide and many 
other chemical substances [4]. In particular, the formation of radicals 
during the combustion of cigarettes can lead to increased oxidative 
stress. This is expressed through various reactions and chain reactions, 
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such as the formation of hydrogen peroxide and hydroxyl radicals and 
the photo Fenton reactions. These can cause damage to the body, 
including the skin. Even the metal ions in cigarettes can cause additional 
damage by forming radicals and minimizing the levels of antioxidants 
already present in the body [5]. 

To counteract additional radical formation and the associated 
oxidative stress in skin, antioxidants are often used in protective prod-
ucts. They can be applied topically via skin care products. The aim of this 
work was therefore to investigate the protection properties of different 
skin care products. 

For the formulation base, PHYSIOGEL® (PG) was used. The in-
gredients used in the commercial products are listed in the supple-
mentary materials (S1). This formulation improved the epidermal 
permeability barrier and stratum corneum hydration [6], nevertheless, 
it can be used as a negative control for urban dust [7]. Epigallocatechin- 
3-gallate (EGCG), the main constituent of the catechins in green tea 
(Camellia sinensis), is known to have a high antioxidant capacity to 
scavenge free radicals [8,9]. Studies have also shown neuroprotective 
[10] and cardiovascular bene昀椀ts [11]. The active ingredient is already 
widely used in the cosmetic industry. Vitamin E (Vit E) belongs to the 
group of fat-soluble vitamins, which are among the most important 
protective vitamins in the body and is to be ingested with food [12]. 
When applied topically, vitamin E can protect against oxidative skin 
damage caused by UV radiation [13]. The commercial product CE 
Ferulic ® consists of the vitamins C, E, and ferulic acid. Vitamin C is a 
water-soluble vitamin, exhibiting antioxidant properties [12]. When 
combined with vitamin E, there is a synergistic effect as vitamin E acts as 
a primary antioxidant and is regenerated by vitamin C [14]. The addi-
tion of ferulic acid further stabilizes this antioxidant system and also has 
an anti-in昀氀ammatory effect [15]. CE ferulic acid has also been shown to 
reduce the oxidative damage caused by ozone exposure. Here, the 
activation of the redox sensitive transcription factor was decreased in 
human keratinocytes [16]. 

For testing the protective effect of various anti-pollution products, an 
additional active ingredient was selected, that is not based on the anti-
oxidant effect. Since pollution also involves reactions mediated by metal 

ions, a chelating agent that complexes these metal ions was selected. In 
this study, EDDS (ethylenediamine-N,N′-disuccinic acid) was used. 
EDDS occurs naturally in the actinomycete Amycolatopsis orientalis and is 
a sustainable alternative to EDTA, which is also widely used in the 
cosmetic industry. EDDS is more sustainable because it is biodegradable 
[17]. Its protective action is based on the complexation of metal ions to 
prevent the formation of free radicals [18,19]. 

In our study, in tubo models were used to predict the ef昀椀cacy of the 
formulations used prior to animal and human testing. These are the 
measurement of the radical protection factor (RPF) for antioxidants and 
the chelating power for the chelating agent. 

Two spectroscopic methods were applied to study the protective 
effect of antioxidant- and chelate-containing cream formulations on 
porcine skin ex vivo. With the EPR technology, free radicals generated by 
environmental factors, can be quanti昀椀ed using the spin probe PCA (3- 
(carboxyl) − 2, 2, 5, 5-tetramethyl-1-pyrrolidinyloxy). To obtain a more 
accurate result, UV-A irradiation was applied as an additional stressor in 
situ. For this purpose, the porcine ears were previously smoked with one 
cigarette in the small ex vivo smoke chamber (520 cm3) according to a 
de昀椀ned protocol [3]. The auto昀氀uorescence, which can be related to 
oxidative stress on porcine skin after cigarette smoke exposure, was 
determined using a confocal Raman spectrometer. The confocal Raman 
spectrometer functions as a sensitive 昀氀uorescence spectrometer in the 
infrared light spectrum. It was not used to investigate any Raman bands. 
This method does not require any additional stressor or marker [20]. 

2. Materials and methods 

2.1. Research cigarettes 

In this study, research cigarettes 1R6F were used. Ingredients per 
cigarette: tar 8.6 mg; nicotine 0.72 mg; carbon monoxide 10.1 mg [21]. 

2.2. Cigarette smoke exposure 

For ex vivo measurements, a small chamber was used with one 

Fig. 1. Work昀氀ow of this research paper. Here, two ex vivo methods are utilized to measure the protective effect of 昀椀ve formulations against cigarette smoke exposure 
on excised porcine skin. First, the radical protection factor (RPF) and the chelating power were measured of the used formulations with EPR. In addition, EPR was 
used to quantify the radical formation in excised porcine skin after cigarette smoke exposure and UV-A irradiation (365 nm) at 18 mW/cm2. With CRM, the 
auto昀氀uorescence was measured in excised porcine skin after cigarette smoke exposure alone. 
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cigarette without a 昀椀lter. The skin samples were actively exposed to 
cigarette smoke for 5 min, according to Tran et. al [3]. For all in-
vestigations, the exposed smoke was tracked using a 昀椀lter paper next to 
the skin areal [20]. 

2.3. Composition of anti-pollution formulations 

Two antioxidants, vitamin E (α-tocopherol, Caesar & Loretz GmbH, 
Hilden, Germany) and EGCG (Teavigo®, Schwelm, Germany) and a 
chelate complex agent EDDS ((2S, 2′S)-2, 2′-(Ethane-1, 2-diylbis (aza-
nediyl)) disuccinic acid, Sigma Aldrich, Switzerland) were separately 
incorporated into a placebo formulation (PHYSIOGEL®, Klinge Pharma, 
Holzkirchen, Germany). Concentrations are shown in Table 1. 

In addition, one commercial product containing 15 % L-ascorbic 
acid, 1 % dl-α tocopherol, and 0.5 % trans ferulic acid (CE Ferulic®; 
SkinCeuticals Inc., Dallas, TX, USA) was investigated. The ingredients of 
all commercial products are listed in the supplementary materials 
(Fig. S1). 

2.4. Electron paramagnetic resonance (EPR) spectroscopy 

In this study the X-band EPR system MiniScope MS5000 (Magnet-
tech, Freiberg Instruments GmbH, Freiberg, Germany) was used for 
determining the radical protection factor (RPF) of the studied formula-
tion and for evaluating the radical formation in porcine skin. 

For the RPF measurements, the following parameter settings were 
used: modulation amplitude 2 G, microwave (MW) attenuation 15 dB 
(MW power 3.16 mW), sweep time 20 s, sweep 95 G, B0-昀椀eld 3350 G, 
steps 1024 and number (pass) 1 [22]. 

For the radical formation investigations, the following parameter 
settings were used: microwave frequency 9.4 GHz, microwave power 10 
dB (10 mW), modulation 0.20 mT, modulation frequency 100 kHz, 
sweep time (measuring time) 10 sec, coupling time 15 sec, magnetic 
昀椀eld B0 337.16 mT, sweep 7.67 mT [3]. 

2.5. Irradiation unit 

As an additional stressor, UV-A irradiation was used for evident 
measurement of free radicals by smoke exposure vs. untreated skin. An 
UV-A LED irradiation unit (Freiberg Instruments GmbH, Freiberg, Ger-
many) with a wavelength of 365 ± 5 nm and a UV-A irradiance of 18 
mW/cm2 for 7 min was employed for the MS5000 EPR Magnettech 
system. The in situ irradiation is comparable to 1/3 minimal erythema 
dose for UV-A (MED, 9 J/cm2) [23]. An 843-R power meter (Newport 
Corporation, CA, USA) was used to gauge the UV-A LED light source’s 
intensity. As a result, the distance was determined using the skin sample 
that had been exposed to radiation inside the EPR device’s resonator. 

2.6. Radical protection factor (RPF) 

To determine the radical protection factor of the used anti-pollution 
formulations, 2,2-Diphenyl-1- picrylhydrazyl (DPPH, Sigma-Aldrich, 
Steinheim, Germany) was used as a test radical for EPR spectroscopy 
investigations. Here, the antioxidant capacity was determined by 
measuring the radical scavenging activity of the samples as previously 
described [24,25]. For the formulations in PHYSIOGEL®, 150 mg were 

diluted in 10 mL of ethanol (Uvasol® Ethanol 99.9 %, Merck KGaA, 
Darmstadt, Germany). For CE Ferulic, 20 mg were diluted in 10 mL of 
ethanol. The samples were put into the ultrasonic bath (Banderlin 
Sonorex Super RK 102H, Berlin, Germany) for two hours at 35 kHz at 
constant 20 çC. Afterwards, 400 µL of the diluted formulations and 400 
µL of a 1 mM DPPH solution were combined and were directly measured 
by EPR spectroscopy. The measurements were performed until the 
signal of DPPH in the EPR was stable. This could take up to 30 h. The 
samples were constantly swiveling in the dark at room temperature 
between the measurements. 

2.7. Copper chelation 

The chelating power was tested with the X-band EPR system Min-
iScope MS300 (Magnettech, Freiberg Instruments GmbH, Freiberg, 
Germany). The method was based on Bielfeldt et. al. [7]. 

Here, EDDS was tested against different concentrations of copper 
(Cu) (II) ions. Cu (II) is a paramagnetic ion showing a direct EPR 
absorbance. Dissolved in pure water, Cu (II) shows only one large EPR- 
absorption band. If the Cu (II) is correlated to other atoms, as it is the 
case when copper (II) is placed in solution containing amino acids or 
proteins, the Cu (II)-EPR-spectrum changes con昀椀guration into a 4-band 
absorption pattern. The position and intensities of these four absorption 
bands describe the Cu complexes, which are formed in the samples [26]. 

2.8. Radical formation on porcine skin 

Porcine ears were obtained from a local butcher and were used until 
2 days after slaughtering. The experiments were approved by the Vet-
erinary Of昀椀ce Dahme-Spreewald according to Section 3, Article 17, 
Paragraph 1 of Regulation (EC) No 1069/2009 of the European Parlia-
ment and Council, dated October 21, 2009, laying down health regu-
lations for animal products not intended for human consumption 
byproducts. 

The hair on the porcine ears was carefully removed by shaving and 
cleaned under cold running water. Until use, the ears were stored at 4 çC. 
For the measurements with the MS5000 EPR spectrometer, 300 µm thick 
slices of split skin were cut using a dermatome (type GA 140, Aesculap- 
Werke AG, Melsungen, Germany). Up to 4 h after dermatomization, the 
split skin was stored in the refrigerator in moist towels until use. 

In a tissue culture plate (24-well, Falcon, NC, USA) one 昀椀lter disc 
(Filter Disks for Finn Chambers 8 mm (ø), Smart Practice, Denmark) was 
soaked with 38.4 µL, 1.5 mM PCA ((3-(carboxyl) − 2,2,5,5-tetramethyl- 
1-pyrrolidinyloxy) (Sigma-Aldrich, Steinheim, Germany). On top of the 
昀椀lter disc, an 8 mm (ø) punch biopsy from split skin was placed to be 
incubated with the spin probe PCA. For samples exposed for 5 min to 
cigarette smoke, the incubation time was 5 min at 32 çC; samples 
without smoke exposure were incubated for 5 min at 32 çC followed by 
5 min at room temperature in a light-protected location. For smoke 
exposure, a small smoke chamber was used [3]. 

For EPR measurements, a 4 mm (ø) skin sample was taken from the 
center of the incubated biopsy. The skin sample was then measured in 
the EPR resonator using a tissue cell (Magnettech Freiberg Instruments 
GmbH, Freiberg, Germany). 

With the aid of a temperature control unit (BTC01, Magnettech, 
Berlin, Germany), EPR measurements were carried out at 32 çC. 

As control, the untreated excised porcine skin was analyzed without 
any application of formulations. Here, the metabolic activity of each 
excised porcine ear skin sample was measured. The anti-pollution for-
mulations were tested according to ISO 24443. 2 mg/cm2 of the tested 
formulation were evenly distributed for 2 min on the split skin using a 
massage device (Rehaforum Medical GmbH, Elmshorn, Germany). 30 
min after application at room temperature, the EPR measurements were 
performed. Each skin measurement was performed in duplicate to 
demonstrate intra-individual differences [25]. 

Table 1 
Test samples on skin.  

Tested formulations 
PHYSIOGEL® (used as vehicle) 

1 % Vitamin E + PHYSIOGEL® 
1 % EGCG + PHYSIOGEL® 
0.1 % EDDS + PHYSIOGEL® 
CE Ferulic ®  

P.T. Tran et al.                                                                                                                                                                                                                                  



European Journal of Pharmaceutics and Biopharmaceutics 197 (2024) 114211

4

2.8.1. Radical formation measured ex vivo with EPR 
Relative radical formation was calculated by analyzing the peak-to- 

peak intensity of the spin probe PCA. The supplementary materials 
show the native EPR spectra, which visualize the peak-to-peak intensity 
of PCA (Fig. S2). Calculation of the quanti昀椀cation was performed with 
the ESRstudio software (Magnettech Freiberg Instruments GmbH, Frei-
berg, Germany). 

The cumulative radical formation was calculated by subtracting the 
radical formation due to UV-A irradiation alone from that due to ciga-
rette smoke and UV-A irradiation to measure the impact of cigarette 
smoke on porcine skin alone. 

2.9. Auto昀氀uorescence measured with CRM 

2.9.1. Setup 
A CRM-based model 3510 skin composition analyzer (RiverD Inter-

national B.V., Rotterdam, The Netherlands) was used as a sensitive 
spectrophotometer for measuring the auto昀氀uorescence. Here, following 
parameter settings were used: excitation wavelength 785 nm, exposure 
time 5 s, optical power on sample 20 mW [20]. The auto昀氀uorescence 
intensity at 1800 cm−1 was analyzed. In the supplementary materials, 
native CRM spectra are shown (Fig. S3). The CRM device was operated 
from the skin surface down to 100 µm at 2 µm increments for ex vivo skin 
measurements. More details of the employed CRM system were 
described in [27]. It is utilized for the analysis of skin composition 
constituents [28] and drug delivery [29] in general. 

2.9.2. Preparation of excised porcine skin 
3 × 4 cm2 excised porcine ear skin were used for the CRM experi-

ments. The hair was removed by trimming it with scissors. The anti- 
pollution formulations were tested according to the COLIPA standard 
(ISO 24443) procedure, comparable to the EPR method (Chapter 2.8). 
As control, the untreated skin was measured before and after cigarette 
smoke exposure. 

2.9.3. Investigation of depth-dependent auto昀氀uorescence intensity ex vivo 
The analysis of the depth-dependent auto昀氀uorescence (AF) intensity 

was based on Tran et al. [20]. Here, the AF background at 1800 cm−1 

was used. The supplementary materials display full native CRM spectra 
to illustrate the AF background measured by CRM. To compare the AF 
values with each other, the AF value was normalized to the nicotine 
concentration of the respective sample. Here, per ear and per sample, 
昀椀ve areas were analyzed at 1800 cm−1. 

2.10. Cigarette smoke exposure control 

To control the amount of cigarette smoke exposure, a 昀椀lter paper was 
placed next to the exposed skin area ex vivo for both methods. According 
to [3], the nicotine concentration was measured and used for further 
analysis. 

2.11. Statistical analysis 

The data are shown as mean ± standard error of the mean (SEM). 
IBM Statistical Package for the Social Sciences (SPSS) Statistics version 
28 (IBM Corporation, Armonk, USA) was used for statistical analysis. For 
radical formation in porcine skin over time and depth-dependent auto-
昀氀uorescence in ex vivo skin, the statistical test of generalized estimating 
equation (GEE) was used. To identify outliers, the IQR method was used. 
Following the outlier test, data points identi昀椀ed as outliers were 
removed from the dataset to ensure the robustness of the analysis. The 
removal of outliers led to a slight decrease in the mean value of the data 
set. A p-value of less than 0.05 was considered as statistically signi昀椀cant. 

3. Results 

3.1. Radical scavenging activity of the formulations 

The RPF values for the used cream formulations were analyzed with 
EPR spectroscopy (Table 2). The raw material EGCG exhibits the highest 
RPF of 139,000 ± 1,100 × 1014 radicals/mg compared to pure vitamin E 
which has an RPF of 18,000 ± 210 × 1014 radicals/mg. Both materials 
incorporated in PHYSIOGEL® at a concentration of 1 % exhibit 1 % of 
the actual RPF. The formulation CE Ferulic ® has the highest RPF value 
out of all formulations at 6,900 ± 220 1014 radicals/mg, followed by 1 
% green tea extract and 1 % vitamin E in PHYSIOGEL®. PHYSIOGEL® 
itself has no detectable radical protection factor and therefore was used 
as a placebo and vehicle for the active ingredients. EDDS dissolved in 
PHYSIOGEL® did not show any radical scavenging activity in this test 
method (Table 2). According to the RPF measurements, CE Ferulic 
shows a good radical protection. 

3.2. Chelating power of EDDS 

The copper-chelating power of EDTA, EDDS and EGCG is shown in 
Fig. 2a). 

In comparison to EDTA, EDDS shows similar properties to quench the 
EPR signal. As expected, the antioxidant EGCG does not show a high 
chelating power, whereas EDTA and EDDS are known for its copper- 
chelating properties. To measure the chelating power of EDDS, copper 
was used in different concentrations (Fig. 2b). Here, the peak position 
and shape of the EPR spectra changes with the increasing number of 
ligands. A high chelating power refers to the ability of a ligand to bind 
metal ions. 

3.3. Protection against radical formation after CS exposure + UV-A in 
porcine skin 

To examine the ef昀椀cacy of the used formulations against radical 
formation in porcine skin, we exposed these skin samples to cigarette 
smoke and UV-A irradiation and measured the radical formation with 
EPR spectroscopy. Fig. 3 shows the cumulative radical production in 
excised porcine skin after 昀椀ve minutes of exposure to the smoke induced 
by one cigarette. The cumulative radical concentrations in Table 3 were 
analyzed from the area under the curve in Fig. 3. The intensity of the 
PCA signal in excised porcine skin before exposure to CS + UV-A is 
shown in the supplementary material (Fig. S4). The cumulative radical 
production was not normalized to the nicotine concentration, because 
no correlation was found between nicotine concentration on skin after 
cigarette smoke exposure and the amount of induced radical production 
after cigarette smoke exposure and UV-A irradiation. However, a posi-
tive correlation was observed after exposure to cigarette smoke alone, 
indicating the sensitivity of the EPR method [3]. 

In this ex vivo EPR study, radical formation was the highest with the 
untreated skin (37.8 %) followed by PG, PG + EDDS and CE Ferulic. 
Only PG + vitamin E (22.0 %) and PG + EGCG (10.4 %) showed sig-
ni昀椀cant differences in radical formation compared to the untreated 
porcine skin. In addition, only PG + EGCG showed signi昀椀cant differ-
ences to the placebo formulation PG (Fig. 3). 

Table 2 
RPF values of used formulations.  

Formulation RPF value [× 1014 radicals/mg] 
Pure vitamin E 18,000 ± 210 
Pure EGCG 139,000 ± 1,100 
1 % vitamin E in PHYSIOGEL® 151 ± 4 
1 % EGCG in PHYSIOGEL® 

0.1 % EDDS in PHYSIOGEL® 
PHYSIOGEL® 
CE Ferulic ® 

1,360 ± 10 
< 20 
< 20 
6,900 ± 220  
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3.4. Protection against overall oxidative stress ex vivo 

To validate the ef昀椀cacy of the used formulation measured by EPR 
only against cigarette smoke of one cigarette and UV-A irradiation, the 
auto昀氀uorescence in excised porcine skin was investigated with the CRM 
after cigarette smoke exposure alone (Fig. 4). The AF intensity is the 

highest at the surface and decreases with increasing depth. All formu-
lations, except 1 % vitamin E in PG, reduce the auto昀氀uorescence in-
tensity compared to the untreated excised porcine skin. 

In this study, 1 % EGCG in PG has performed best in reducing the 
effect of cigarette smoke in excised porcine skin. In addition, CE Ferulic 
did also decrease the auto昀氀uorescence by 50 % compared to the un-
treated skin on the surface. 

After normalizing the AF intensity to the actual nicotine concentra-
tion on skin according to chapter 2.9 (Fig. 4b), both CE Ferulic and 1 % 
EGCG show the best result in protecting the porcine skin from additional 
oxidative stress due to CS exposure. 

4. Discussion 

In this study, we have investigated the ef昀椀cacy of a number of anti- 
pollution products against cigarette smoke exposure. 

Fig. 2. (a) EPR spectra of different API with copper (1:1). (b) EPR spectra of EDDS with copper in different concentrations.  

Fig. 3. Cumulative relative radical production (mean ± SEM) over time for untreated and treated excised porcine skin after cigarette smoke (CS) exposure in the 
smoking chamber for 5 min and UV-A irradiation in situ (9 J/cm2), measured with EPR spectroscopy, n = 7 porcine ears, mean nicotine concentration: 160.1 ± 12.9 
µg/cm2, black squares – untreated; red circles – PHYSIOGEL ® (PG); pink triangles – PG + Vitamin E (Vit E); brown triangles – PG + EDDS; green circles – PG +
EGCG, blue triangles – CE Ferulic; GEE was used for statistical analysis, *p f 0.05, **p f 0.01, ***p f 0.001. (For interpretation of the references to colour in this 
昀椀gure legend, the reader is referred to the web version of this article.) 

Table 3 
Integral of cumulative radical formation until 240 s.  

Sample Radical formation [a.u.] ± SEM 
untreated 38 ± 8 
1 % vitamin E in PHYSIOGEL® 22 ± 7 
1 % EGCG in PHYSIOGEL® 

0.1 % EDDS in PHYSIOGEL® 
PHYSIOGEL® 
CE Ferulic ® 

10 ± 3 
23 ± 5 
26 ± 4 
29 ± 8  

P.T. Tran et al.                                                                                                                                                                                                                                  



European Journal of Pharmaceutics and Biopharmaceutics 197 (2024) 114211

6

Cigarette smoke was chosen as a type of air pollutant due to its in-
clusion of all major air pollutants, such as particulate matter, polycyclic 
aromatic hydrocarbons, volatile organic compounds, and reactive oxy-
gen species (ROS) [30]. 

In Europe, exposure to cigarette smoke in enclosed spaces is un-
avoidable. Indoor smoking is still permitted in some areas, resulting in 
daily exposure to smoke. In a previous study we found that the level of 
smoke exposure in the exposure chamber was equivalent to 8 h of 
exposure in a bar where indoor smoking is permitted, indicating that the 
experiment’s exposure level re昀氀ects real-life conditions [3]. 

In this work, two different spectroscopic methods were used. EPR, 
which requires a marker substance and UV-A radiation as additional 
external stressor, for testing the ef昀椀cacy of anti-pollution formulations 
ex vivo. CRM, which neither requires a marker substance, nor an addi-
tional stressor to measure auto昀氀uorescence after smoke exposure ex 
vivo, which correlates positively with the development of oxidative 
stress. RPF measurements and chelation performance were used to 
measure the ef昀椀cacy of the formulations used in tubo. 

The raw materials exhibit a high RPF alone, but require a vehicle to 
keep them in place on the skin. For instance, EGCG, a powder, presents 
challenges when applied topically. Therefore, it is important to use a 
vehicle for topical application and establish methods to measure the 
ef昀椀cacy of the active ingredients in a formulation. Furthermore, it is 
crucial to test the various interactions between the vehicle and the active 
ingredient to evaluate the ef昀椀cacy of the formulations [31]. Therefore, it 
is necessary to consider the concentrations of the active ingredient used 
in the formulations. The high RPF values were taken into account during 
the formulation process, and the concentrations of the raw materials 
were adjusted accordingly. 

The commercial product CE Ferulic®, containing the vitamins C, E 
and ferulic acid, had the highest RPF value (6,900 ± 220 × 1014 radi-
cals/mg) (Table 2). 1 % EGCG in PHYSIOGEL® showed a remarkably 
high value (1,360 ± 10 × 1014 radicals/mg) in the RPF measurements. 
Compared to the 1 % vitamin E formulation, the 1 % EGCG formulation 
has a tenfold higher RPF value. The RPF of the EDDS complex could not 
be measured, but the chelating power was measured. Compared to the 
well-known EDTA, EDDS showed a comparable and even better 
chelating power than EDTA. The antioxidant EGCG did not show a high 
chelating power (Fig. 2a). 

Cigarette smoke induces free radicals in skin, which is enhanced by 
combination with UV-A irradiation, but this effect is not linear [3]. To 

counteract this effect, cream formulation which include antioxidants 
can be used. To date, there hasn’t been enough research on the ef昀椀cacy 
of these formulations. EPR spectroscopy and CRM represent methods 
that can close this gap. To counteract an imbalance in the redox ho-
meostasis, antioxidants are often used in anti-pollution products. In this 
study, we compared three of them. 

The 1 % EGCG formulation showed the best protection against 
oxidative stress induced by cigarette smoke and UV-A radiation (EPR) 
(Fig. 3) or cigarette smoke alone (CRM) (Fig. 4). As described in the 
literature, exposure to cigarette smoke leads to oxidative stress, which 
can also be induced by radical production [32]. 

EGCG is a catechin and the main component of the green tea plant, 
Camellia sinensis. It has the capacity to block redox-active transcription 
factors, chelate redox-active transition metal ions, and scavenge free 
radicals [33,34]. 

As mentioned above, the EGCG formulation performed best in both 
methods of investigating the ef昀椀cacy of anti-pollution products. After 
application of the formulation and waiting for 30 min, this sample 
induced the lowest radical concentration in excised porcine skin (Fig. 3). 
In terms of AF, this was also reduced most by application of the cream 
(Fig. 4). EGCG is considered the most effective antioxidant for protecting 
excised skin from stressors such as exposure to cigarette smoke. This 
information is valuable for the development of skin care products, as 
some companies have previously used EGCG in their formulations. 
These methods can also be used to measure the effectiveness of EGCG in 
their products. 

Vitamin E alone reduces radical formation in the skin (Fig. 3), but 
protection against AF by CRM has not been shown (Fig. 4). In the 
commercial product CE Ferulic®, vitamin E was combined with vitamin 
C and ferulic acid. CE Ferulic® performed very well in the CRM trials. 
Protection against oxidative stress induced AF caused by cigarette 
smoke was demonstrated. Surprisingly, it was not convincing in the EPR 
tests. With a high RPF of almost 7000 × 1014 radicals/mg, one would 
expect a high level of protection against radical formation in the skin. In 
comparison to untreated skin, no protective effect could be measured by 
EPR. PCA usually does not react with antioxidants, but in the case of 
high concentration, it does. The explanation is the scavenging of the 
marker directly by CE Ferulic. This can be demonstrated in the control 
measurements without smoke exposure and irradiation. The PCA 
decrease had been remarkable over time. For a linear progression to be 
measurable, the concentration would have to be increased accordingly. 

Fig. 4. Comparison of (a) absolute auto昀氀uorescence intensity and (b) auto昀氀uorescence intensity normalized to the nicotine concentration on porcine skin in un-
treated and treated excised porcine skin after 5 min CS exposure to 昀椀ve cigarettes, n = 7, mean nicotine concentration: 340 ± 26 µg/cm2 measured with CRM; black 
squares – untreated, red circles – PG, pink triangles – PG + vitamin E, brown triangles – PG + EDDS, green circles – PG + EGCG, blue triangles – CE Ferulic, analyzed 
with GEE. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the web version of this article.) 
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Small antioxidant scavenging effects are corrected because all results are 
normalized to the control without induction of stress (Fig. S4). 

The EPR method can be used to quantify the radicals generated. An 
additional stressor, in this case UV-A radiation, is required because the 
ef昀椀cacy of the formulations cannot be compared precisely with cigarette 
smoke alone. 

A disadvantage of the EPR method compared to CRM is that a spin 
probe is indispensable. As a result, the EPR method is limited when 
dealing with substances that have a high antioxidant capacity. The spin 
probe and its concentration must be adjusted according to the tested 
formulations. The nicotine concentration on the sample tested with the 
EPR method was smaller than on the sample subjected to the CRM 
method (Fig. S5). One of the reasons could be that two different batches 
of the same research cigarettes 1R6F was used. The study of Tran et al. 
showed that the same number of cigarettes lit does not equate to the 
same amount of nicotine in each sample [3]. As they are natural prod-
ucts, mainly tobacco plants, packed in cigarettes, they are dif昀椀cult to 
standardize. Many factors including cigarette brand, size of smoking 
chamber and puff frequency can in昀氀uence the amount of smoke expo-
sure [35]. Therefore, it is very important to measure the exact cigarette 
smoke exposure for every sample. 

In the CRM method, however, CE Ferulic® shows effective protec-
tion against oxidative stress caused by cigarette smoke. Vitamin E alone 
did not show a protective effect on porcine skin in the CRM method. A 
possible explanation for this may be that the pure vitamin E is rapidly 
depleted [36]. In combination with other antioxidants, the ef昀椀cacy 
might still be guaranteed despite the stress induction [37]. 

Reactive oxygen species (ROS) induced by cigarette smoke can also 
be generated by metal ions, which are present in cigarette smoke [38]. 
To counteract ROS-induced oxidative stress, effective complexing and 
reducing agents can help to prevent this metal ion-induced peroxidation. 
In this study, EDDS was used. In contrast to the commonly used EDTA, it 
is biodegradable, which is very important today from a sustainability 
point of view. The experiments showed that the chelating power of 
EDDS is much higher than that of EDTA (Fig. 2a). Depending on the 
degree of complexation, the power is greater, see Fig. 2b. The protective 
effect of the EDDS formulation could only be demonstrated in the CRM. 
With EPR, induced radical production in EDDS-treated porcine skin was 
not signi昀椀cantly different from that in untreated skin. In CRM, the level 
of oxidative stress was signi昀椀cantly reduced compared to untreated skin. 
Although studies have shown that EDDS could prevent radical formation 
by complexing metal ions [19,39], this could not be demonstrated in the 
EPR experiments on skin. However, it is possible that it reduces the 
induction of oxidative stress through other pathways. In addition, UV-A 
radiation also induced more free radicals compared to cigarette smoke 
alone in skin [3] that EDDS could not scavenge. At the same time, it 
should be noted that the two methods deal with different aspects of 
stress induction assessment. The precise mechanisms underlying AF 
induction by oxidative stress remain elusive. It is possible that oxidation 
products within the stratum corneum will emit AF [40]. 

In the case of EDDS, this formulation cannot protect against the 
synergistic effect of UV-A radiation and cigarette smoke because UV-A 
radiation also induces radicals [41]. However, it is known that EDDS 
can only complex the metal ions, these ions usually can lead to further 
oxidative stress through radical formation [42]. The CRM method 
measures oxidative stress in a different way. The exact mechanisms are 
not clear yet. Here, it is measured selectively and in depth. In the case of 
EDDS, the metal ions present in cigarette smoke can be complexed by 
EDDS, thus reducing the induction of oxidative stress [43]. 

5. Conclusions 

The aim of this study was to investigate the ef昀椀cacy of formulations 
containing either antioxidants or a chelating agent and a commercial 
cream for the protective effect against the consequences of pollution in 
skin, here, using the example of cigarette smoke. Two different 

spectroscopic methods were used for this purpose: EPR spectroscopy 
was used to quantify radicals in skin, and CRM was used to investigate 
auto昀氀uorescence, which is related to oxidative stress in skin. In addition, 
CRM provides depth-dependent information. In both methods, the 
antioxidant EGCG was the most effective and forced the best protection 
against radicals or oxidative stress. The effect of the chelating agent 
EDDS should also not be neglected. Further experiments, especially in 
vivo, are needed to obtain a more precise picture of the protective effect 
of more products against environmental pollution and, in particular, 
cigarette smoke. Testing the effectiveness of formulations in vivo using 
auto昀氀uorescence is a major challenge due to the in昀氀uence of various 
parameters, including the volunteers’ antioxidant status, skin type, 
lifestyle, age, and gender. In vivo EPR is not sensitive enough for this 
purpose. 
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3. Discussion 

3.1 Methods to expose and measure the effect of cigarette smoke on 

skin  

Air pollution leads to diseases and stress, not only in our lungs but also in our skin [68, 

69]. In vitro models have been used to measure the cellular and molecular mechanisms 

behind air pollution and cigarette smoke exposure [115, 116]. The impact of air pollution 

on skin was measured by considering the alteration and modulation of the amount of 

melanin [20, 154]. Furthermore, EPR was used to investigate the free radicals of 

mainstream and sidestream smoke. Previous studies have demonstrated the induction of 

free radicals by cigarette smoke [155, 156]. However, this effect measured in skin has not 

been correlated to the amount of exposure so far. Furthermore, an additional stressor like 

UV irradiation was required to measure the free radicals in the skin following exposure to 

cigarette smoke [73].  

The aim of this thesis was to establish an EPR method for measuring free radicals in 

excised skin after cigarette smoke exposure. Therefore, in this work an additional ex vivo 

method (CRM) was used to measure the effect of oxidative stress following exposure to 

cigarette smoke that could be transferred to an in vivo setting.  

To measure the effect of cigarette smoke exposure on the skin, it was necessary to 

establish the method of exposure. Several questions need to be answered: How should 

the exposure to cigarette smoke be carried out? Should real-life conditions be simulated? 

How can the actual amount of exposure on the skin be measured? 

The following chapter will discuss the method of exposure and the comparison of two 

different chambers.  

In the first study, the bigger chamber with a volume of 3800 cm³ was built to fit a 

participant's forearm to perform in vivo investigations. The smaller chamber with a volume 

of 520 cm³ was built for ex vivo measurements of excised skin (Figure 8). The chambers 

were originally equipped with various vents to investigate the effects of different air 

pollutants, including cigarette smoke and ozone. However, the initial experiments on 

controlling cigarette smoke showed that establishing a new setup for exposing skin 

explants to air pollution was more time-consuming than expected. The impact of the 

parameter of burning cigarettes inside the exposure chamber will be discussed in chapter 

3.1.2. Therefore, the main focus of this thesis was cigarette smoke as a model for air 

pollution [3].  
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Both chambers were used effectively to expose skin to cigarette smoke in a reproducible 

manner. Here, the results of two laboratories using different chambers are comparable. 

Our working group used both the big and small chamber for EPR studies. The cooperation 

partner GematriaTestLab used the small chamber for their EPR studies. Both EPR studies 

were executed with two different EPR machines. This was made possible due to the 

quantification of the amount of smoke on the skin directly. Quantifying the amount of 

exposure is crucial as it directly affects the skin's reaction. It also helps to compare and 

discuss the results [3].  

 

Figure 8a) big exposure chamber for ex and in vivo studies b) small exposure chamber for 
ex vivo studies. 

One caveat was that the bigger chamber requires the burning of more cigarettes to exceed 

the threshold for measuring induced radicals. Specifically, five cigarettes must be burnt in 

the bigger chamber compared to one cigarette in the smaller chamber to achieve high 

levels of cigarette smoke. In the future, smaller chambers can be used to expose cigarette 

smoke directly on skin that are easier to handle. It is important to note that actual 

measurement of the amount of exposure is necessary as well. 

Different chambers have been tested in the past to measure the effect of cigarettes on the 

skin. The study by Pelle et al. used a cylindrical chamber that was connected to a rubber 

sleeve where the arm of the participant was put through [157]. The chamber used in this 

study is comparable with the big chamber used in this work, as the size of chamber in 

Pelle et. al9s work has a length of 41 cm and a diameter of 11cm. Here, one cigarette was 

burnt for five minutes twice. For the analysis, lipid peroxidation was measured in the 

forearm. Exact levels of exposure were not defined [157]. Another study was carried out 
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by Bielfeldt et al., where a small chamber of 200 mL volume was placed on the volar 

forearm or the back of the participant. In that study, one cigarette was burnt for five 

minutes. No exact levels of exposure were defined in that study as well. The samples were 

also analyzed for traces of lipid peroxidation. Here, MDA and squalene 

monohydroperoxide were used as markers for oxidative stress [73]. In both studies, a 

vacuum pump was used to draw the cigarette smoke over the sample area to mimic real-

life conditions, but exact amounts of cigarette smoke exposure were not determined. 

However, it is important to determine the precise amount of cigarette smoke exposure, as 

the components of the smoke in the main and side streams have the potential to form 

radicals. The dose dependency of the effect of cigarette smoke should not be neglected 

either.  

The following section discusses the properties of cigarette smoke and what impact it has 

on different exposure and measurement methods and their effect on skin.  

3.1.1 Cigarette smoke as model for air pollution 

Cigarette smoke was chosen as a model pollutant in this work. Everyone encounters 

cigarette smoke in their daily lives, and it is everywhere, even on indoor surfaces [71, 158]. 

It is difficult to totally protect ourselves from smoke exposure. Studies have shown that 

even in neonatal intensive care units, traces of nicotine from thirdhand smoke can be found 

and that even infants in intensive care metabolize this component of thirdhand smoke 

[159]. 

The chemical profile of cigarette smoke resembles different components such as PAHs 

that are also found in diesel exhaust for example [71, 81]. Compared to diesel exhaust, 

cigarette smoke has a similar PM 2.5 concentration as well [160]. Cigarette smoke was 

used a model for air pollution because it was easier to handle and easier to obtain and, 

initially, easier to dose. 

Cigarette smoke extract (CSE) has been widely used in studies in the past, especially in 

in vitro models [115, 116]. As mentioned in section (1.3.1), it does not mimic real-life 

conditions very well. Its advantage is that it is easier to dose and handle than exposure to 

cigarette smoke in a chamber. Prieux et al. described its main disadvantage as being that 

the CSE mainly contains the particulate phase of the cigarette and excludes the main 

constituents of cigarette smoke. In addition, there is a difference between fresh and aged 

CSE, as the presence of short-lived radicals decreases [24]. 
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To obtain an objective evaluation of the direct impact of cigarette smoke on the skin, it is 

advantageous to use a smoke chamber where the supply of cigarette smoke can be 

regulated and measured. 

3.1.2 The impact of the parameters in the exposure chamber on the effect on 

skin 

The choice of cigarette brand affects the concentration of pollutants in the chamber. 

Different brands use different blends of tobacco leaves in their cigarettes [76]. As tobacco 

leaves are a natural product, it is difficult to standardize each individual cigarette, even if 

it contains the same blend. The variation of different brands is caused by different filter 

systems, changing ventilation systems, and the design of the cigarette itself [76, 78, 113].  

Another parameter, that could influence the concentration of cigarette smoke, is the puff 

frequency and volume. Studies have shown that these parameters influence the 

concentration of alkaloids, such as nicotine [78, 161].  

The size of the exposure chamber is also important. In the presented studies, two 

chambers of different sizes were compared. In the smaller chamber, only one cigarette 

burn was enough to induce radical production in excised skin. In the bigger chamber, five 

cigarettes were needed to see comparable results. In this study, the filter of a cigarette 

was cut off to allow more mainstream smoke to enter the exposure chamber, resulting in 

higher radical production in excised porcine skin. Zhao et al. described that the filter 

eliminated 52.0 % of the PM mass, 17.1 % of the particle-phase ROS, and a small 

reduction in gas-phase ROS was also determined which is in alignment with this work9s 

findings [162].  

Comparable results were obtained using both big and small chambers with the EPR 

method. To measure significant differences between untreated skin and skin after CS 

exposure, a threshold of 140 µg nicotine per cm² was needed to be exceeded. This amount 

is equivalent to smoking five cigarettes in total in this setup. To observe an increase in 

autofluorescence in excised skin, only 0.25 cigarettes inside the big chamber were 

required when measuring the AF intensities. The threshold of 33 µg nicotine per cm² was 

lower compared to the exceeding threshold needed to measure free radicals [3, 9].   

To expose skin samples to cigarette smoke in a reproducible way, a new method had to 

be developed using the new exposure chambers. A vacuum pump was connected to the 

chamber to allow the cigarette smoke to flow throughout the chamber in a reproducible 

manner. To monitor the level of exposure, a particle-measuring device was connected to 
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the chamber through one of the vents. Unfortunately, one burning cigarette maxed out the 

particle monitor at 400 mg/m³. 

Therefore, different valves were installed in this experimental setup to regulate the amount 

of smoke inside the exposure chamber, so that the particle monitor would not max out. In 

addition, a wash bottle was installed between the exposure chamber and the pump in order 

for the smoke to pass through the bottle. The water-soluble or ethanol-soluble constituents 

of the CS would remain inside the solution of the wash bottle after passing it. The particle 

concentration inside the chamber after CS exposure was correlated to the amount of 

nicotine that remained inside the wash bottle. 

In this study, nicotine was used as a surrogate parameter. It has been already described 

as a potential marker for environmental tobacco smoke (ETS) in literature because it is 

unique to cigarette smoke. In addition, nicotine is one of the major constituents of cigarette 

smoke. Furthermore, nicotine can be found in both particulate and gaseous phases and 

on top, is soluble in aqueous and ethanolic solutions. Therefore, it is easy detectable inside 

the wash bottle containing either water or ethanol. Most importantly, the sensitivity of the 

analysis of pure nicotine is high, even at low concentrations [78].  

The study of Wang et al. has shown a positive correlation between the amount of PM2.5 

with the amounts of tar and nicotine found in cigarettes [163]. Therefore, nicotine was an 

ideal surrogate parameter for this study. 

Another study has confirmed this works findings by showing a dose-dependent 

relationship between the number of smoked cigarettes and inflammatory responses in 

human participants. Kuschner et al. was able to show that concentrations of neutrophils, 

macrophages, IL-1 beta, and IL-8 that are responsible for inflammatory responses inside 

the body increased with the number of cigarettes smoked [164]. 

This shows that it is important to take the concentration of exposure, smoking intensity 

and frequency for every investigation into account because these factors have an influence 

on the effect of cigarette smoke on skin. In this work, a filter paper was positioned next to 

each skin sample at exposure to analyze the actual amount of exposure by quantifying the 

nicotine concentration on the skin. Here, a dose-depended relationship was established 

between the actual concentration of nicotine on the skin and the radical production that 

was measured in skin after exposure [3]. Compared to other studies, this method allows 

for a precise measurement and correlation of cigarette smoke exposure and the effect of 

it with each sample. The quantification of cigarette smoke in addition to the measurements 

sets it apart from other methods and accurately correlates the impact on the skin. 
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3.2 Methods to measure the effect of cigarette smoke in skin 

3.2.1 Electron Paramagnetic Resonance (EPR) Spectroscopy 

Previous pre-clinical and clinical studies have shown that air pollution and cigarette smoke, 

for example, can induce reactive oxygen species (ROS) or inflammation, which can 

directly or indirectly cause skin hyperpigmentation [165]. The EPR technique is appropriate 

for identifying radical formation in skin. Initially, radical generation was examined and 

measured in excised porcine skin, followed by an analysis of the oxidative status after 

smoke exposure. The decay of the spin probe PCA was utilized for indication. Owing to its 

five-membered ring structure, PCA is largely unaffected to get reduced by antioxidants 

[130]. This fact is important for further research relating to the effectiveness of anti-

pollution products. In addition, TEMPO was employed to gauge antioxidative status. As 

illustrated in the in vivo study by Lohan et al., TEMPO was used to analyze the 

antioxidative status of active smokers. In this instance, the decay of TEMPO was indicative 

of the endogenous antioxidant status of the skin area under investigation [166].  

By using two different X-band EPR spectroscopy devices, the effect of two stressors 

cigarette smoke and UVA irradiation on excised porcine skin was analyzed in this work. 

The main stressor used in these investigations was cigarette smoke. Cigarette smoke is 

known to generate free radicals in its particulate and gas phase [85]. In excised porcine 

skin, cigarette smoke alone was able to induce radicals. However, when combined with 

UVA irradiation in situ at 18 mW/cm², more radicals are induced in the skin than after 

cigarette smoke exposure alone. This is due to the synergistic effect when UVA irradiation 

and cigarette smoke are combined. UVA irradiation at 18 mW/cm² alone induces more 

radicals than cigarette smoke alone, but the amount was not higher than the combination 

of both stressors. With both EPR devices MS 5000 and MS 300, it was possible to measure 

the effect of cigarette smoke exposure in excised porcine skin. For the MS 5000, the spin 

probe PCA was used and for the MS 300; both the spin probes PCA and TEMPO were 

used as spin probe. Both methods could show that first; the induced radical production in 

the skin was significantly higher after cigarette smoke exposure than before cigarette 

smoke exposure. The antioxidative status of the porcine skin described by the TEMPO 

levels was reduced by cigarette smoke exposure alone, indicating that endogenous 

antioxidants in the skin were depleted due to the stress [3].  

The use of spin probe TEMPO was not pursued in further investigations due to its potential 

to react with the antioxidants present in the anti-pollution formulation. 
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It has already been mentioned that the EPR method with PCA has already been 

established with UV radiation as a stressor [167-169]. To have a positive control for the 

EPR measurements, UV irradiation was also used in this work. Compared to cigarette 

smoke alone, UVA irradiation induced more radicals in excised porcine skin (Figure 9) [3].  

UVA radiation is known to be one of the main initiators of ROS generation in the skin [49]. 

On a molecular level, Photons must be absorbed by endogenous photosensitizers such 

as porphyrin and cytochromes for ROS to be generated. ROS are produced as a result of 

the excited photosensitizer's reaction with oxygen (see chapter 1.2.4.3).  

Pollution, especially cigarette smoke consists of thousands of different components that 

can cause oxidative stress through radical induction. Important components are particulate 

matter, PAHs, nitrogen oxides, and radicals in gas and particulate phase as well. Gas-

phase radicals have a short half-life; therefore, they barely pass through the cigarette to 

be exposed to the environment. Radicals from the particulate phase are long-lived but 

therefore more stable (see chapter 1.2.4.2). Consequently, free radicals with long half-

lives and promising diffusion times have the potential to propagate their damaging effects. 

Numerous redox-sensitive signaling pathways that regulate physiological responses, such 

as inflammation, are triggered by ROS and RNS. On the other side, inflammation can lead 

to the generation of endogenous oxidative species. Thus, the oxidative damage caused 

Figure 9 cumulative radical production in excised porcine skin after induction of different 
stressors. Black triangles: cigarette smoke exposure, red squares: UVA irradiation at 18 mW/cm² 
(365 nm), blue circles: cigarette smoke exposure and UVA irradiation, ***p f 0.001, *p f 0.05 [3] 
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by exposure to cigarette smoke is likely to be multifaceted, involving both the oxidative 

potential of cigarette smoke and unintended biological responses [170]. 

When combined, the radical production exceeded the production after UVA irradiation and 

CS exposure alone. In the study by Ibuki et al., 8-OHdG was used as a marker for DNA 

damage caused by oxidative stress. The effect of UVA irradiation and Benz[a]pyrene 

(B[a]P), one of the components of cigarette smoke, on human skin fibroblasts were 

investigated [171]. The level of 8-OHdG was higher after UVA irradiation than after B[a]P 

exposure. The combination resulted in a higher level of 8-OHdG than either stressor alone, 

confirming our findings that this is based on synergistic effects. Synergistic effects have 

been shown not only in this work but also in several other studies. Pavlou et al. showed 

that the combination of both cigarette smoke and UV irradiation had an effect on murine 

skin. The in vivo data showed that it increased levels of erythema values, squamous cell 

carcinoma, and TEWL [172]. Grenier et al. have investigated the synergistic effects of UV 

irradiation and cigarette smoke on primary human keratinocytes. Cell viability decreased 

more drastically when both stressors were combined [173].  

Comparing different results remains challenging due to the use of different techniques. 

Additionally, the mentioned experiments did not always measure exposure accurately, as 

cigarette smoke concentrations can vary between brands, puff protocols, and exposure 

chamber sizes. Nonetheless, most previous studies have detected a correlation between 

exposure to cigarette smoke and an increase in oxidative stress in skin. Our study not only 

correlated the nicotine concentration inside the chamber with the actual particle 

concentration per m³, but also linked the amount of cigarette smoke exposure to the actual 

radical production in excised porcine skin. Our method is more accurate as it allows for 

quantification of exposure on each sample and is a useful tool for checking the 

reproducibility of the method.  

3.2.2 Autofluorescence measurements using CRM 

The present study investigates the impact of cigarette smoke on the skin, using EPR as 

the analytical method. This approach enables the analysis and quantification of radical 

production in the skin. Nevertheless, other methods are also available to explore the 

effects of cigarette smoke on the skin. The transfer of the ex vivo EPR method to in vivo 

conditions was considered, but an alternative approach had to be sought due to the EPR 

method's failure to produce reliable results under in vivo conditions.  

The transition from ex vivo to in vivo was successful under varying conditions such as the 

investigation of radical formation in human skin after UV irradiation [174], where radical 

production was studied following exposure to sunlight. The light had to be exposed in situ 
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to obtain reliable results. However, replicating the same experimental setup for cigarette 

smoke exposure was challenging. The need for an exposure chamber made in situ smoke 

exposure unsuitable, thereby making it impossible to precisely measure radical production 

on the same skin area. In addition, the low sensitivity of the L-band EPR made it difficult 

to transfer this method to in vivo conditions.  

Furthermore, cigarette smoke alone did not indicate an increase in radical production 

measured by the L-band EPR machine. Additional UVA irradiation was necessary for that 

effect to occur. As presented in this thesis, the combination of cigarette smoke exposure 

and UVA irradiation resulted in a synergistic increase in radical production in the skin. 

However, this combination was still insufficient to observe an increase in radical production 

in vivo by EPR. In summary, the in vivo EPR approach exhibited low sensitivity in 

monitoring cigarette smoke's impact on the skin. Therefore, it was imperative to develop a 

novel technique applicable to in vivo conditions. Previously, Confocal Raman 

Microspectroscopy (CRM) was employed to assess the oxidative state of skin. Here, the 

Raman bands of carotenoids were investigated [175].  

In previous research, CRM has been utilized to quantify naturally occurring and topically 

administered carotenoids within the stratum corneum in vivo in a depth-dependent 

manner. As stated in section (1.2.2), carotenoid levels have the potential to reflect an 

individual's antioxidative status [174, 176]. 

Our study used a novel evaluation that focused on the analysis of autofluorescence in the 

background rather than Raman bands. Autofluorescence (AF) of the skin has previously 

been documented at an excitation wavelength of 785 nm, with minimal levels attributed to 

melanin. In addition, the oxidation of SC components was described [177, 178].  

Exposure to cigarette smoke resulted in an elevation of AF in excised porcine skin. Our 

findings demonstrate that the AF increase is dependent on depth. It should be noted that 

cigarette smoke alone was adequate to increase the AF value of excised porcine skin. It 

has been confirmed that the constituents of cigarette smoke are not the cause of increased 

AF, but rather the induction of skin oxidation resulting from exposure to CS. Neither 

nicotine alone nor cigarette smoke captured on a glass slide resulted in increased AF [9]. 

With the EPR method comparable results were shown as CS exposure led to induction of 

radicals in excised porcine skin [3]. No extra stressor was necessary. Furthermore, this 

AF measurement technique eliminates the necessity for a marker substance, enabling 

direct measurement of the impact of cigarette smoke exposure on the skin. 

According to recent studies, the skin may contain fluorophores, which are primarily 

proteins such as keratin, collagen, and elastin, as well as other substances such as 
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melanin and porphyrins. These fluorophores can be used for a variety of diagnostic 

purposes, such as skin aging [177, 179]. At 785 nm, it has been demonstrated that 

porphyrins are capable of emitting AF. Their role in metabolic processes is significant. 

Exposure to cigarette smoke that induces oxidative stress may result in an elevation of AF 

[177, 180, 181].  

Another marker of oxidative stress in skin is advanced glycation end products (AGE) that 

are responsible for metabolic by-products associated with oxidative stress. Studies have 

attempted to measure the AF spectra of skin to estimate AGE levels [182, 183]. For 

example, they analyzed the correlation between Raman bands and AF in human skin in 

the NIR range. They were able to detect changes in the Raman spectrum. Although this 

work focused on AF at 1800 cm-1, a change was also detected at other wave numbers 

(see Figure 10). This could be related to AGE.  

Figure 10 Exemplary Raman spectra at different depths with its autofluorescence 
background of a) of non-exposed excised porcine skin b) of excised porcine skin after  
exposure to one cigarette. 

It is important to note that there is a limited number of skin fluorophores capable of 

absorbing light in the red and near-infrared spectrums. This results in minimal reabsorption 
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and lead to a high degree of accuracy in the detection of red and near-infrared quanta at 

different depths [184]. 

Interestingly, the AF intensities after cigarette smoke exposure were higher in excised 

porcine skin compared to the AF intensities after UVA irradiation (Figure 11). In contrast, 

the EPR method shows the opposite trend (Figure 9). 

 

 

 

 

 

 

 

 

A possible explanation for this effect could be that the increase of AF includes oxidated 

substances which are not only radical species or caused by radical species. UVA is known 

to produce high amounts of radicals in skin, whereas cigarette smoke can cause damage 

through different pathways and not only radicals (Figure 3). The EPR device is only able 

to quantify radicals which explains a higher radical production in excised skin after UVA 

irradiation than after cigarette smoke exposure alone.  

With the CRM technique, the effect of cigarette smoke exposure on excised porcine skin 

has been investigated using 0.25, 0.5, 1, and 5 cigarettes. Here, no significant (p f 0.1) 

dose-response relationship between nicotine concentration and the measured AF in 

excised skin could be shown [9]. In comparison, the EPR method revealed a dose-

dependency correlation (p f 0.05) between the nicotine concentration and the induced 

radicals in excised porcine skin [3]. 

Nevertheless, the CRM method was able to measure oxidative stress-induced AF that not 

only included the induction of radicals in excised porcine skin. It therefore provides an 

alternative method for measuring the effect of cigarette smoke ex and in vivo, whereas the 

transfer from ex vivo to in vivo failed with the EPR technique.  

Figure 11 depth-dependent AF intensities after CS exposure compared to after UVA 
irradiation at 2 MED. Control (red), UVA irradiation at 2 MED (green), 5 cigarettes after cleaning 
process (blue), ***p f 0.001. 
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3.2.3 Ex vivo vs in vivo 

This study has established two methods for assessing the impact of cigarette smoke on 

excised porcine skin. Porcine skin is a suitable skin model for analyzing these effects. 

However, conducting research on human skin in vivo is considered the most reliable 

approach. Therefore, the AF method using the CRM as an in vivo method was developed 

to assess the effects of cigarette smoke exposure on human skin.  

Here, the big exposure chamber was used to conduct in vivo experiments. The forearms 

of ten participants were measured before and after being exposed to cigarette smoke. The 

degree of exposure had to be adjusted to ensure that the concentration of smoke was 

sufficient to increase the level of AF. In this in vivo study, the smoke of five cigarettes was 

necessary to elevate AF levels, whereas only 0.25 cigarettes were required in the ex vivo 

study on porcine skin to increase AF levels compared to non-exposed skin. The outcomes 

suggest that cigarette smoke can trigger oxidative stress by elevating AF levels in human 

skin in vivo. Despite the removal of cigarette smoke debris from the skin, increased AF 

levels were detected, indicating that the impact of cigarette smoke could be measured in 

deeper SC layers (Figure 12). 

Figure 12 a) depth-dependent AF intensities of in vivo human skin after five cigarettes at 
45.5 ± 9.3 µg/cm² and b) depth-dependent AF intensities of ex vivo porcine skin after five 
cigarettes at 180 ± 29.8 µg/cm², yellow = smoked, red = cleaned, blue = control, ***p f 0.001 
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The concentration of nicotine on the filter paper after five cigarettes was lower in the in 

vivo studies than in the ex vivo studies because the chamber system was not completely 

closed with the arm inside. The pressure generated was not similar to that of a chamber 

system with a lid. There was a tendency indicating that increased cigarette consumption 

could lead to higher AF values ex vivo, although no correlation was established with 

increased dosage. Nevertheless, even exposure to a small amount of cigarette smoke 

resulted in increased AF levels in the skin when compared with non-exposed skin. 

Furthermore, by imitating real-life circumstances, the obtained results are considered more 

dependable than those acquired through in vitro and ex vivo studies. Interestingly, the AF 

values of the in vivo human skin study is lower (1500 a.u.)  compared to the ex vivo porcine 

skin studies (3000 a.u.) even though the nicotine concentrations (45 - 49 µg/cm²) are 

comparable [9].  

The lower increase of AF could fall back to the higher antioxidative status in living human 

skin, hence showing better protection. Meinke et al. showed a difference in antioxidant 

status between ex vivo and in vivo skin. One likely reason for the disparity could be the 

insufficient oxygen supply to the excised skin samples during the measurements. 

Additionally, the level of oxidative stress induction can be affected by endogenous 

antioxidants [174]. When comparing the antioxidative statuses of porcine and human skin, 

it is important to note that they are not identical. Chapter 1.1.2 highlights that pigs have 

the ability to synthesize their own vitamin C. Therefore, they have a different antioxidative 

system [34]. Haag et. al also could show that oxidative stress induced by UV irradiation 

was higher in excised porcine skin compared to excised human skin [185]. 

Another aspect to consider is the concentration of melanin in the skin under investigation. 

Melanin emits autofluorescence in the near-infrared (NIR) regions. Consequently, the in 

vivo AF study exclusively included participants with skin types I-III, as higher skin types 

exhibit high levels of melanin, interfering with the AF measurements [178]. Therefore, this 

method has limitations when measuring skin types IV-VI. 

To ensure precision, the individual typology angle (°ITA) values of every participant must 

be measured to form a focused group for analyzing the increase in AF following exposure 

to cigarette smoke. °ITA classifies the degree of constitutive pigmentation of skin [186].  

To gain a more comprehensive understanding, the participant's antioxidant status could 

be monitored pre- and post-cigarette smoke exposure. The AF levels induced by oxidative 

stress could be correlated with the antioxidative status of the participant. This is why it 

could be important to analyze carotenoid levels. Carotenoid levels indicate a person's 

antioxidant status. This was already done by Lademann et al. in the past [55].  
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Nevertheless, the transition from ex vivo to in vivo was positive, as the CRM technique 

successfully measured cigarette smoke effects on skin without requiring markers or 

additional stressors. 

3.2.4 Evaluation of methods to measure the effect of cigarette smoke in 

skin 

The effects of cigarette smoke and air pollution on the skin can be quantified using various 

techniques. ROS are closely associated with oxidative stress and can therefore be used 

as a marker of oxidative stress. These methods for ROS detection can be categorized into 

fluorescence-dependent and spectrophotometry techniques, for instance [187]. The 

measurement of intracellular ROS can be accomplished by utilizing DCFH assays. This 

technique is categorized as a micro-fluorometric assay, in which the non-fluorescent 

dichlorodihydrofluorescein diacetate (DCFH-DA) is transformed into the fluorescent 2',7'-

dichlorofluorescein (DCF) upon oxidation [188]. Hergesell et al.'s study demonstrated that 

exposure to cigarette smoke resulted in elevated ROS levels in excised porcine skin using 

the DCFH method [74].  

However, the numerous reaction steps required to produce these results may be a 

disadvantage and could lead to potential false leads. Additionally, sunlight exposure may 

significantly impact the evaluation of ROS levels, particularly at lower concentrations, 

making the method non-specific [189, 190].  

One spectrophotometry technique presented in this study is EPR. This technique enables 

the quantification and characterization of radical production ex vivo. One advantage of this 

technique is its ability to directly identify and quantify free radicals without the need for 

intermediate reactions [191]. The L-band for in vivo EPR investigations is seldom used 

due to high acquisition and maintenance costs, such as those for spin probes, and 

because only a few working groups have the expertise to handle the device. The in vivo 

EPR method was previously extended to in vivo conditions successfully in our working 

group [174]. However, it was not feasible when cigarette smoke was used as a stressor. 

It is also expensive compared to the DCFH assay. Purchasing a new EPR machine is not 

a budget-friendly option. The DCFH assay, on the other hand, only requires a plate reader, 

which is already available in most laboratories. In summary, both techniques can measure 

ROS in vitro [192]. EPR has the advantage of measuring ROS ex vivo and in vivo, but it is 

very expensive. On the contrary, the DCFH assay is a cost-effective and accessible option. 

There are alternative techniques for measuring the effects of air pollution, especially 

cigarette smoke, such as gene expression analysis. The measurement of gene expression 

serves as an indicator of pathological conditions or inflammatory reactions. Regarding 

cigarette smoke, a review by Prieux et al. reported that cigarette smoke exposure induces 
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inflammatory responses through certain interleukins. Excessive production of pro-

inflammatory cytokines, such as IL-1α, IL-6, and IL-18 in the skin was observed [24]. 

In our study, additional methods could have been incorporated to provide a more 

comprehensive understanding of the impact of cigarette smoke exposure. The next step 

would be to investigate the signaling pathways as cigarette smoke exposure significantly 

affects the skin and leads to inflammation, skin aging, and potentially, the development of 

cancer [67, 71]. 

The technique of gene expression was utilized in Grether-Beck et al.'s research to evaluate 

melanin and pigmentation-associated gene expression following diesel exhaust particle 

(DEP) exposure. The results demonstrated that DEP exposure caused tanning both ex 

and in vivo in human skin [20]. However, the drawback is that tanning results took 3 to 9 

days to develop, given that human skin tanning may require several days to develop 

according to Miller et al. [193]. 

Retrieving these results is comparatively quicker than conducting epidemiological studies, 

which may take years to decades to see the results. In this study, traffic-related air pollution 

exposure was found to be associated with clinical indicators of skin pigmentation. 

However, the pathways and the evidence that are needed to clarify the relationship 

between air pollution and skin pigmentation were still not clear after epidemiological 

studies [83, 84]. Epidemiological studies remain relevant as they assist in generalizing 

outcomes from cell cultures to real-world scenarios [24]. 

As tanning results take a few days to manifest, this research employed a different 

approach to assess the impact of air pollution, specifically exposure to cigarette smoke. 

Employing the AF measuring method, the findings manifested instantly. This is because 

the autofluorescence triggered by oxidative stress was immediately visible in the CRM. 

This instant manifestation offers an advantage when examining the efficacy of anti-

pollution products. However, the study encountered a challenge: melanin impeded the 

measurements as high melanin content generates autofluorescence in the CRM. Hence, 

there are limitations in conducting human studies as individuals with a skin type 

categorized as IV or higher by the Fitzpatrick scale [194]. The CRM method cannot 

distinguish between AF triggered by oxidative stress from cigarette smoke and that caused 

by the participant's melanin content. 

Despite its limitations in darker skin types, the CRM method appears to be more 

responsive to the impact of cigarette smoke exposure than UVA radiation. Consequently, 

it demonstrates the outcomes of oxidative stress from diverse pathways, not just radical 

production in the skin. Regrettably, the precise mechanism remains insufficiently 

elucidated, but it will be clarified in the future. 
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The impact of seasonal changes should not be disregarded. During summer, test subjects 

are exposed to increased sunlight, which can stimulate melanin production and result in a 

higher measured AF value. Additionally, the presence of carotenoids may vary due to 

individual lifestyle factors such as stress and alcohol consumption, which can also affect 

antioxidant status. Further research could explore the effects of prolonged exposure to 

cigarette smoke. 

3.3 Efficacy of antipollution products 

Air pollution can lead to oxidative stress, premature aging, inflammation, and the 

aggravation of diseases, and in extreme cases, even cancer. Given that individuals are 

constantly exposed to air pollution, adopting effective protective measures is critical. 

Possible ways to protect yourself include consuming appropriate foods and supplements 

or using skin products [25]. 

Over time, there has been a growing demand for anti-pollution products. These products 

claim to protect the skin from the harmful effects of air pollution. In the past, several 

companies have made claims about their products without having done sufficient testing 

to prove this. In addition, there are insufficient methods to assess the effectiveness against 

the impacts of air pollution, and there is no regulatory body that verifies cosmetic claims 

before the product's release onto the market. This can lead to a misconception regarding 

the safety of the product against air pollution [195].  

Therefore, the aim of this work was to establish methods that not only measure the effect 

of air pollution on the skin but also to evaluate the efficacy of anti-pollution products, which 

should protect the skin against an increased radical formation or other oxidative stress 

processes induced by cigarette smoke exposure.  

3.3.1 Comparison of two methods to measure the efficacy of anti-pollution 

products 

Two approaches were developed in this research to determine the impact of cigarette 

smoke exposure on ex vivo and in vivo skin. The EPR technique quantified radical 

formation in excised porcine skin, whereas the CRM demonstrated oxidative stress-

induced autofluorescence in excised porcine skin and in vivo human skin [3, 9]. 

Physiogel ® was chosen as the base formulation because it has a clean and simple 

formulation that does not contain emulsifiers.  

When evaluating the effectiveness of anti-pollution formulations, two methods revealed a 

marked discrepancy between untreated excised porcine skin and skin with various 
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treatments such as vitamin E, EDDS and EGCG. Notably, one formulation, EGCG in 

Physiogel® performed optimally in both methods, successfully shielding the underlying skin 

from the harmful impacts of cigarette smoke exposure [10]. 

The EPR technique is a non-invasive method for detecting radical formation in tissues ex 

vivo, in vivo, and in cell cultures [167]. For the investigation of the protective effect of 

various cream formulations the spin probe PCA was used. The measurements offer the 

potential to record radical production throughout the entire skin punch surface. However, 

the effect decreases at deeper depths due to limitations in spin probe penetration and 

microwave frequency settings [196]. PCA shows a slow rate of cell penetration, indicating 

that metabolic radicals have only little impact on the amount of radicals measured in the 

skin [197]. 

In this particular case, the PCA responded to the commercial product CE Ferulic® due to 

the elevated level of antioxidants [10]. Such a reaction is inevitable, particularly with high 

concentrations. Therefore, in future studies, it is recommended to increase the spin probe 

concentration as the higher concentration can maintain the linear range when the PCA 

signal decreases. Alternatively, using different spin probes that are more stable against 

highly concentrated antioxidants are also an option. Important is the control if a direct 

interaction takes place.  

Unfortunately, cigarette smoke exposure alone did not induce sufficient radical formation 

that the EPR method could measure. Furthermore, no difference was observed between 

the group treated with anti-pollution formulations and the untreated group. Therefore, 

additional UVA irradiation was used to provoke more radical formation, so that the 

difference between both groups could be observed [10]. This work9s findings suggest that 

the combined effect of cigarette smoke and UVA irradiation was able to promote radical 

formation in pretreated skin, an effect that is consistent with previous literature [3]. This 

study investigated the protective effect of individual creams using the synergistic effect of 

UVA irradiation combined with cigarette smoke. The disadvantage is that formulations 

containing UV filters need special attention because they would show a decrease in radical 

formation due to UVA absorption. A control with UVA irradiation alone could solve this 

problem in the future.  

Furthermore, the transfer to in vivo conditions was not successful, meaning that the 

efficacy of anti-pollution products could not be measured in participants. The in vivo L-

band EPR device was unable to measure the effect of cigarette smoke alone or in 

combination with UVA irradiation due to its lack of sensitivity. Additionally, the marker 

TEMPO could potentially interfere with the individual products, resulting in non-
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reproducible results. Therefore, an alternative and preferred non-invasive method had to 

be developed. The AF method was adapted to in vivo conditions so the efficacy of each 

cream could be investigated.  

The EPR technique is a reliable method when it comes to measuring and identifying 

radicals in tissue samples. In contrast, the AF method evaluates the oxidative stress-

induced autofluorescence in excised skin. However, there is still a lack of clear 

explanations for this phenomenon shown in the CRM. It remains a good method to 

evaluate the effectiveness of anti-pollution products as it considers all pathways that may 

contribute to oxidative stress responses, beyond just the induction of radicals. The AF 

method demonstrates a depth-dependent effect of cigarette smoke exposure on excised 

porcine skin. Additionally, it is possible to identify the penetration depth of the used 

formulations with the CRM, indicating continued protection against the harmful effects of 

cigarette smoke exposure. 

The CRM technique9s biggest advantage is that is does not need an extra marker or an 

additional stressor like UVA irradiation to not only measure the effect of cigarette smoke 

exposure but also evaluate different anti-pollution formulations on skin. Cigarette smoke 

exposure was strong enough to measure the damage with the CRM technique. However, 

with the EPR technique, there is a need for a marker and an additional stressor. This 

technique was only able to measure a difference between the various formulations when 

cigarette smoke was combined with UVA irradiation. The results showed that cigarette 

smoke exposure alone was not potent enough to see a difference and measure the 

efficacy of different formulations with the EPR technique.  

In addition, the preparation time for the CRM technique is lower. With the CRM technique, 

3x4 cm skin areas were removed from the cartilage. Before cream application, the only 

time-consuming step was to trim each hair from the skin because shaving could damage 

the SC and falsify the results. With the EPR, the potential damage of the SC can be 

neglected. In comparison, the preparation of the excised porcine skin for EPR 

measurements takes longer. This method requires very thin split skin, which needs to be 

freshly cut as it dries out quickly. Furthermore, the application of the spin probe and the 

incubation time of the spin probe are adding more time to the process.  

The current AF method was not proven successful in in vivo measurements. A slightly 

significant difference was found between untreated and treated skin after exposure to 

cigarette smoke. When normalized to the actual nicotine concentration, no significant 

difference could be found (Figure 13). 
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Figure 13 Comparison of a) absolute autofluorescence intensity and b) autofluorescence 
intensity normalized to the nicotine concentration on human skin in vivo after 10 min CS 
exposure with five cigarettes, mean nicotine concentration 41.8 ± 5.6 µg/cm², n= 11, measured 
with CRM 

The in vivo human study conducted on untreated skin tested using Physiogel® and EGCG 

integrated in Physiogel® revealed both formulations to be inefficient in reducing oxidative 

stress-induced autofluorescence after cigarette smoke exposure. Possible reasons may 

include that the cigarette smoke exposure was not high enough to see a difference. 

Compared to the ex vivo studies, the nicotine concentration in vivo was more than eight 

times lower. Another issue is the varying nicotine concentration, which is challenging to 

achieve in vivo due to differences in the volunteers' arms. It is not always possible to 

ensure that the arm is perfectly aligned with the chamber opening. A smaller chamber 

design, like the one used by Bielefeldt et al., would be beneficial and easily applicable to 

the area under investigation. In addition, which would possibly lead to higher nicotine 

levels as well.   

3.3.2 Antioxidants and chelators for anti-pollution products 

Air pollution has various pathways that have not yet been fully elucidated. Cigarette smoke 

exposure, for example, can cause skin damage through multiple pathways [170]. One of 

the methods presented can measure and quantify radicals in the skin, focusing on ROS-

mediated oxidative stress. To counteract the action of ROS, endogenous and exogenous 

antioxidants can help. The cream formulations' effectiveness was tested using EPR and 

CRM. To highlight the effect, UVA irradiation was also used in the EPR measurements. 

This work compared the base formulation Physiogel® with the commercial product CE 

Ferulic® using two antioxidants and a chelating agent. Results showed that the formulation 

containing 1% EGCG was the most effective in both methods. Research shows that EGCG 
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has anti-inflammatory and antioxidant properties. These protect against UV damage and 

skin aging [52, 198, 199]. However, the light sensitivity of EGCG and its low permeability 

make it challenging to use in cosmetics [200]. 

Studies indicate that applying an EGCG concentration of over 5 % topically can sensitize 

the skin of guinea pigs. However, this concentration only caused minor dermal irritation in 

rats and none in rabbits [201]. Therefore, a concentration of 1 % was incorporated in 

Physiogel ®.  

Vitamin E was used at equivalent concentrations but showed inferior EPR results 

compared to EGCG.  Vitamin E possesses both antioxidant and anti-inflammatory 

properties, as well as photoprotection properties against UV radiation [54]. The induction 

power increased significantly due to synergistic effects and pathways, which could lead to 

stress. This was revealed by the EPR measurements, which included both cigarette smoke 

and UVA irradiation. The EPR measurements were focused on the formation of radicals 

due to cigarette smoke exposure and UVA irradiation together, and therefore, vitamin E 

alone could not deplete the formed radicals. It is possible that the antioxidant capacity of 

vitamin E may not match that of EGCG. The hypothesis that vitamin E has a lower 

antioxidant capacity than EGCG was supported by measuring the radical protection factor 

(RPF) [10]. Previous studies have implemented the RPF to evaluate the effectiveness of 

radical protection against UV irradiation in sunscreens, in which antioxidants were 

additionally included [202, 203]. 

Vitamin E exhibited protection against cigarette smoke on the skin in CRM measurements. 

Only one stressor was responsible for inducing oxidative stress, and the quantity was 

reduced as no additional UVA irradiation was required to observe a distinction between 

untreated and treated skin [10].  

A high RPF was achieved using CE Ferulic®, a commercial product containing a 

combination of vitamin C, vitamin E, and ferulic Acid. It was found to be efficient in 

protecting excised porcine skin against oxidative stress caused by cigarette smoke. The 

formulation has also been tested against other stressors, such as DEP and ozone, and 

found to provide protection in those cases as well [20, 204, 205]. However, the formulation 

reacted with the spin probe used in the EPR measurements. Therefore, it was not possible 

to conduct a thorough evaluation of the protective effects against both cigarette smoke 

and UVA irradiation. However, previous studies have demonstrated the protective 

properties against combined pollutants, including UV irradiation, ozone, and diesel 

exhaust particles [204].  
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As outlined previously, both the ex vivo methods of measuring efficacy have their 

advantages and disadvantages. Given the time consumption required for testing 

numerous formulations, it is recommended to initially employ the radical protection factor 

(RPF) method to assess the level of protection. This method provides a dependable 

indication of which formulations provide exceptional safeguards against an increased 

radical formation in vitro.  

When measuring chelating power, a comparable method involves assessing the ability to 

chelate copper using EPR. Metal chelators can impact protective efficacy in formulations 

designed to protect skin from pollution. As mentioned earlier, iron present in pollution and 

cigarette smoke can catalyze the Fenton reaction, generating more ROS and leading to 

oxidative stress. Studies have found that the use of both antioxidant and chelator agents 

could have an additive impact on protecting the skin against air pollution exposure [206]. 

In this study, EDDS demonstrated a protective effect in the CRM method, although no 

such effect was observed in the EPR method. This discrepancy may be because EPR 

measures radical formation, whereas EDDS chelates metals that may generate ROS 

indirectly. Furthermore, this protective effect did not manifest itself under additional UVA 

irradiation, which generated more ROS than cigarette smoke alone. Due to the variety of 

pathways used by cigarette smoke exposure to harm the skin, EPR cannot accurately 

reflect the impact of all pathways but the source of further pathways. CRM, however, can 

measure the overall oxidative stress-induced AF. 

3.3.3 Guideline for formulating and testing anti-pollution products 

Various products are available on the market that claim to offer protection against pollution. 

However, the validity of such claims needs to be established through proper efficacy 

testing [25]. 

In the European Union, the European Cosmetics Regulation No. 1223/2009 imposes strict 

regulations to ensure that claims made on cosmetic products do not mislead consumers. 

Claims must be supported by evidence in the product information file to prove their 

efficacy. So far, there are no mandatory anti-pollution tests that are reproducible, 

standardized and regulated [207]. Therefore, the objective of this work was to establish 

methods that can be used for proper anti-pollution testing.  

In this study, the EPR and CRM approaches were used to evaluate the effectiveness of 

the protection of the skin from exposure to cigarette smoke. In developing anti-pollution 

products, the method's applicability should be clear beforehand. Notably, the protective 

properties of EDDS were only observed in the CRM approach as it considers overall 
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oxidative stress-induced AF. Furthermore, when developing formulations, it is imperative 

to ensure that the product does not react with the marker. Concerning CE Ferulic®, there 

was a reaction with the spin probe PCA using the EPR method. This implies that the EPR 

method cannot measure high concentrations of antioxidants. However, the EPR method 

can evaluate radical formation caused by exposure to cigarette smoke. 

Consider the concentration of the formulations and products used, as dose-dependency 

has not yet been established. This is particularly relevant for products containing 

antioxidants, as high concentrations can lead to a pro-oxidative effect. For instance, 

research has shown that vitamin C can be pro-oxidative at higher concentrations [208]. 

High concentrations of EGCG can also be skin irritating [201]. Consequently, when testing 

anti-pollution efficacy, it is necessary to test different concentrations. 

Another aspect to consider is the need to adapt testing to real-life conditions. In reality, 

multiple pollutants can harm us. The world is a dynamic system in which many factors can 

contribute to inducing stress on our bodies. Therefore, these formulations need to be 

tested against a variety of pollutants and combinations of stressors, as their combined 

effects can intensify the impact of air pollution. 
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4. Conclusion and Outlook 

4.1 Conclusion 

This thesis elucidates the impact of the pollutant cigarette smoke on the skin. A 

reproducible exposure method was established to expose skin explants to cigarette 

smoke. Two exposure chambers were constructed and employed based on the research's 

objectives. The smaller chamber was utilized for ex vivo trials while the bigger chamber 

was utilized for both ex vivo and in vivo experiments. The impact of cigarette smoke 

exposure and the effectiveness of anti-pollution products can be assessed using two 

methods, namely EPR and CRM. It is evident that each method has its own advantages 

and disadvantages. EPR showed better sensitivity to UVA irradiation, while the CRM 

method performed better against smoke exposure. Only CRM was appropriate for in vivo 

measurements at present, but adjustments will be necessary in the future when testing 

formulations in vivo. Nevertheless, both approaches are highly potent and could 

supplement the existing techniques in the times ahead. These methods can contribute to 

the necessary overhaul of cosmetic product regulations because anti-pollution products 

lack regulations regarding uncontrolled claims.  

4.2 Outlook 

In the future, the following step ought to be to elucidate the effect of AF after cigarette 

smoke exposure. In this regard, multiphoton tomography can be a viable alternative for 

the study of anti-pollution products since it presents an essential non-invasive diagnostic 

tool for dermatology by accurately measuring the composition of the dermal matrix. Depth 

and epidermal thickness considerably affect the assessment process [209]. Furthermore, 

this technique uncovers distinct patterns in autofluorescence levels of human skin 

fluorophores such as keratin, NAD(P)H, melanin, and elastin and collagen networks in 

relation to the wavelength of excitation [210]. 

Further research is needed to assess the effectiveness of anti-pollution products in real-

life conditions through in vivo studies. Appropriate adaptations of current methods would 

be necessary to achieve this aim. The redox status of participants should also be 

monitored given the significance of the body's defensive system. Additionally, investigating 

the impact of these products on individuals with irritated skin or diseases could provide 

valuable insights. As a lot of people are suffering from their symptoms and air pollution is 

only worsening their condition, testing the claims is even more important. 

In addition to assessing the redox status of participants, measuring ITA values can be 

employed for prior close monitoring. As the CRM technique is not appropriate for 

individuals with high levels of melanin in their skin, participants with very light skin are 
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required. Importantly, the ITA value facilitates the measurement of skin reflectance, 

including the absorption and scattering of light by melanin in the skin [211]. 

It would be intriguing to investigate melanin's role in general. Notably, while melanin 

interferes with measurements in the CRM method, it can also be a consequence of 

exposure to diesel exhaust [20]. 

It is advisable to use the established method and materials used in this study. Different 

pollutants should be used to verify the efficacy of the method.  

Combining different stressors is also advisable to mimic real-life conditions, as our bodies 

are exposed to different pollutants at the same time. Strategies should therefore be 

adapted to the same conditions in which we live. As the existing chambers have different 

ventilation systems, it would be possible to combine them.  

In terms of active ingredients in anti-pollution formulations, the focus has been on 

antioxidants as they can counteract the formation of radicals in the skin due to exposure 

to air pollution. Different active ingredients can be used depending on the mechanism. 

Products can reduce particle exposure by cleansing the skin. They can prevent the 

deposition and penetration of pollutants on the skin and restore and strengthen the skin 

barrier. Cleaning products should be tested with this method to measure their protection 

efficacy [149].  

There is a wide range of choices, and more research is needed to test their effectiveness 

in protecting the skin from pollution [149]. To begin, our working group collaborated with 

DGK (Cosmetic Science e.V.) to develop a matrix aimed at introducing the topic to a wider 

audience and providing useful information on anti-pollution methods [212]. 
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