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Abstract:



There is increasing interest in the development of non-invasive tools for studying the properties of skin, due to the potential for non-destructive sampling, reduced ethical concerns and the potential comparability of results in vivo and in vitro. The present research focuses on the use of a range of non-invasive approaches for studying skin and skin barrier properties in human skin and human skin equivalents (HSE). Analytical methods used include pH measurements, electrical sensing of the epidermis and detection of volatile metabolic skin products. Standard probe based measurements of pH and the tissue dielectric constant (TDC) are used. Two other more novel approaches that utilise wearable platforms are also demonstrated here that can assess the electrical properties of skin and to profile skin volatile species. The potential utility of these wearable tools that permit repeatability of testing and comparability of results is considered through application of our recently reported impedance-based tattoo sensors and volatile samplers on both human participants and HSEs. The HSE exhibited a higher pH (6.5) and TDC (56) than human skin (pH 4.9–5.6, TDC 29–36), and the tattoo sensor revealed a lower impedance signal for HSEs, suggesting the model could maintain homeostasis, but in a different manner to human skin, which demonstrated a more highly resistive barrier. Characterisation of volatiles showed a variety of compound classes emanating from skin, with 16 and 27 compounds identified in HSEs and participants respectively. The continuing development of these tools offers potential for improved quality and relevance of data, and potential for detection of changes that are undetectable in traditional palpable and visual assessments, permitting early detection of irritant reactions.
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1. Introduction


The development of new methods and instrumental techniques is crucial for the growing cosmetics sector. Non-invasive technologies can enable comparability of results (i.e., between model vs. human studies) compared to invasive techniques that are typically destructive, and which inhibit the ability of investigators to repeat their measurements or perform frequent comparisons. Cosmetic product testing is also most informative when carried out in human participants, thus supporting the advancement of non-invasive analytical tools. There is a growing interest in the development of such technologies for interrogating the properties of human skin for a variety of applications, including skin physiology research [1,2], diagnostics and therapy [3], personal wearable devices [4], and cosmetic testing [5,6,7].



Skin physiology and the skin barrier are especially significant in cosmetic dermatology. All cosmetic products impact the barrier, either beneficially through the improvement of skin hydration and barrier repair, or negatively through irritant-induced contact dermatitis. Commonly used methods for assessment of skin barrier function (SBF) include determination of stratum corneum (SC) water content, trans-epidermal water loss (TEWL) and skin pH. Optical coherence tomography and Raman spectroscopy have also emerged in recent years as complementary methods to assess SBF [8]. The present research focuses on two emerging non-invasive approaches for investigating skin physiology and SBF; epidermal sensing platforms and volatile metabolic products. Their potential utility as tools that permit repeatability of testing as well as comparability of results (i.e., towards applications both in vitro and in vivo) is considered herein.



Temporary tattoo sensors offer a promising non-invasive approach to monitoring the physical and chemical properties of skin. They are a type of wearable epidermal sensing platform that employs electrically conducting materials that conform intimately to the mechanics of skin and deliver good electrical performance [9]. They are inexpensive, simple to fabricate and can be used to measure a wide variety of parameters. For example, Jia et al. have demonstrated lactate sensing in sweat using a temporary tattoo amperometric sensing approach [10], and Bandodkar et al. have demonstrated an enzyme based tattoo amperometric epidermal sensor for glycemic level monitoring during food consumption [11]. Our group has recently reported a screen-printed temporary tattoo sensor for non-invasive skin barrier assessment using impedance spectroscopy [12]. Impedance spectroscopy allows for non-invasive measurements of the overall resistance and reactance of skin using alternating current of various frequencies, where electrical impedance of intact skin is dominated by the SC at low frequencies (≤1 KHz) [13]. The electrical properties of the SC of living skin equivalents and human skin were impedimetrically assessed herein using screen-printed tattoo electrodes.



Another emerging non-invasive approach offering unique insights into ongoing physiological processes in skin is the monitoring of volatile organic compounds (VOCs). The human body emits hundreds of volatile metabolic products (via breath, blood, urine, faeces and skin), which contain the footprints of cellular activities and can thus reveal those pathologies that alter the metabolism [14]. A compendium of 1840 volatiles contributing to the volatilome in healthy humans was recently published [15]. Skin VOCs are of great interest in many fields, from cosmetics (e.g., design of fragranced products) [16] to diagnostics [17], forensics and criminal investigations [18], and the ecology of blood-sucking insect vectors of human disease [19]. Recent reports have highlighted the significance of VOCs for skin physiology and pathophysiology research, where differential expressions of volatiles were demonstrated in melanoma vs. naevi and normal skin [20], and in compressed vs. uncompressed tissue towards early detection of pressure ulcer formation [21]. Our group has recently demonstrated the potential of VOCs for skin physiology and SBF research where discriminating volatile emissions were observed before and after acute barrier disruption [22]. Collection and analysis of VOCs from skin is commonly achieved using solid-phase microextraction (SPME) [23] in combination with gas chromatography-mass spectrometry (GC-MS) [24] owing to the sensitivity of mass spectrometry, and the ease of performing headspace (HS) sampling with SPME.



The first application these emerging tools to the characterisation of 3D HSEs is reported herein, towards developing an understanding of the biophysical and biochemical properties that can be accessed non-invasively and to establish a baseline dataset for future studies. Headspace SPME with GC-MS was utilised for volatile analysis, and temporary tattoo sensors for investigation of SC electrical properties. A concurrent investigation of human skin was conducted to investigate these two tools for in vitro and in vivo assessments, regarding their potential to permit repeatable analysis and evaluation of the comparability between in vitro and in vivo models.




2. Materials and Methods


2.1. Living Skin Equivalents


Labskin full thickness living skin equivalent (Batch 170105) was obtained from Innoven UK Ltd. (www.innovenn.co.uk/labskin, York, England, UK). Labskin has a robust structure owing to the use of fibrin in constructing a synthetic dermal matrix, which contains primary human fibroblasts. It has a well-differentiated, air-exposed epidermis composed of neonatal foreskin primary human keratinocytes. The living skin equivalents measured 24 mm in diameter. All living skin equivalents were incubated at 37 °C in 5% (v/v) carbon dioxide and air. Labskin remains viable for ~10 days after reception, thus providing a 10-day test window which informed the sampling strategy herein.




2.2. Human Participants


Healthy volunteers were recruited (4 females age 22–28, 4 males age 22–25; non-smokers except for M2) for the tissue dielectric, pH and volatile measurements. No special dietary regimes were applied, however, participants were instructed not to apply perfumes of cosmetics on their hands or arms on the days of sample collection. The local ethics committee (Dublin City University Research Ethics Committee, DCUREC/2016/053) approved the study on skin volatiles prior to commencement of the work, and the study was performed according to the Declaration of Helsinki. Participants were informed on the aims of the study and asked to provide written informed consent before their involvement. Before samples were collected from skin, participants washed their hands and arms with tap water, followed by drying with paper towels to minimise contributions from trace cosmetics or other exogenous compounds on the skin. For the tattoo-based impedance measurements, informed consent was received from all participants (4 females, 4 males; age 22–28).




2.3. Tissue Dielectric and pH Measurements


Tissue dielectric constants (TDC) were measured on human skin (volar forearm) and Labskin within a laminar flow cabinet using a Delfin MoistureMeter D, a commercial skin hydration probe (Delfin Technologies, Kuopio, Finland). Each measurement was repeated 3 times using the extra small probe (effective measuring depth of 0.5 mm). The Delfin probe was cleaned with 70% ethanol solution between measurements. A Hanna 2210 pH meter with a HI1413 probe (Hanna Instruments Inc., Bedfordshire, UK) was used to investigate the pH of human skin (volar forearm) and Labskin, and each measurement was repeated three times. The pH probe was cleaned with 1 M sodium hydroxide between measurements. TDC and pH were characterised for Labskin and human skin over a 10-day period, where measurements were made on days 1, 3, 6, 7, 8 and 10.




2.4. Temporary Tattoo Sensors and Impedance Measurements


A 2-concentric circle design was employed for tattoo sensors, which were screen-printed (DEK semi-automated 248 screen-printer) from silver paste ink (PF-410 ink, Nor-Cote International Ltd., Eastleigh Hampshire, England) on temporary transfer tattoo paper substrates (Sports InkTM, Dublin, Ireland). The tattoo dimensions were 20 mm diameter with inner and outer electrodes separated by a distance of 3 mm. After printing, the electrodes were cured at 120 °C for 5 min. The tattoos were applied on Labskin and human skin (male and female participants) (volar forearm) by placing the design face down and dabbing the backing paper with water for 1 min. The backing paper releases an ethylcellulose layer (EC) resulting in the electrodes adhering to the skin’s surface, covered by the EC layer. Skin hydration was analysed using the impedance spectroscopy approach [25], with an Autolab PGSTAT128N workstation. Two gold pins were soldered 7 mm apart on to a strip board (Maplin Electronics, Dublin, Ireland) and used to contact the inner and outer tattoo electrodes to connect to the potentiostat. The frequency range scanned was from 0.1 Hz to 1 MHz with amplitude 0.03 V. All spectra collected were recorded at 0.1 V set potential.




2.5. Headspace Sampling and Gas Chromatography-Mass Spectrometry Analysis of Volatiles


Solid-phase microextraction (SPME) fibres were used for sampling volatiles in the skin headspace. They comprised of 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA, USA). The SPME fibre was housed within a glass holder that was affixed to the volar forearm with Leukosilk surgical tape (BSN Medical GmbH, Hamburg, Germany). This comprised of a glass funnel (3 mL volume, Pyrex®, Fisher Scientific Ireland, Blanchardstown, Dublin, Ireland) and two septa (Supelco Thermogreen LB-2 Septa plug, Sigma Aldrich, Arklow, Ireland). This served to hold the SPME fibre in an enclosed area of skin headspace, where sample collection took place for 15 min. For volatile sampling Labskin, the SPME fibre was housed in a similar manner within a funnel with two septa, and placed over the Labskin well plate within the incubator, where sample collection took place for 15 min. Labskin and human skin VOCs were studied over a 10-day period, where HS samples were collected on days 1, 3, 6, 7, 8 and 10. Samples were subsequently analysed using gas chromatography-mass spectrometry (GC-MS), where an Agilent 6890 gas chromatograph connected to an Agilent 5973 mass selective detector was used. The system was equipped with a SPME Merlin Microseal (Merlin Instrument Company, Newark, DE, USA) and separations were performed on an SLB-5ms column (30 m × 0.25 mm × 0.25 μm df, Supelco, Bellefonte, PA, USA). Helium carrier gas was used at a constant flow rate (1 mL/min). The inlet was maintained at 250 °C (splitless mode), and SPME fibres were desorbed for 2 min within a SPME inlet liner. The GC oven temperature was 40 °C for 5 min, after which the oven was programmed at a rate of 15 °C/min to 270 °C. The MS was operated at a scan rate of 3.94 s−1, with a scan range of 35–400 m/z, ion source temperature 230 °C and ionising energy of 70 eV. Data were analysed using Agilent GC/MSD ChemStation and OpenChrom® (Lablicate GmbH, Hamburg, Germany) [26]. The identification of compounds was performed using the National Institute of Standards and Technology Library, and was supported by retention index matching. A standard mixture of saturated alkanes (C7–C30, Sigma Aldrich, Arklow, Ireland) was used for retention index matching.





3. Results and Discussion


3.1. Biophysical Properties and Temporary Tattoo Sensors


HSEs mimic key elements of human skin biology and overcome the limitations associated with monolayer tissue culture, such as a failure to capture the complexity of the in vivo microenvironment and cell-cell interactions [27]. They permit a more detailed study of skin physiology while providing an important intermediate step in direct studies on skin, as well as an ethical, time- and cost-effective alternative to the use of laboratory animals. Labskin is a HSE that consists of a fully differentiated epidermis on a dermal compartment composed of polymerised fibrin containing primary human keratinocytes (Figure 1a). The larger diameter (24 mm) and robust structure (Figure 1b) permitted facile interrogation of the properties of this HSE, wherein screen-printed tattoo sensors could be applied directly on the model surface (Figure 1c), and collection of VOCs in the headspace could be accomplished by simply placing the SPME sampling funnel directly over the model. Collection of VOCs could easily be performed on differently sized HSEs by adjusting the size of the headspace, however, the current tattoo format is 20 mm diameter and would require modification for use in smaller HSEs. The biophysical properties of Labskin were also characterised; local tissue hydration levels were investigated as a function of tissue dielectric constants (TDC) and surface pH was measured. A parallel analysis was conducted on human skin towards understanding repeatability of testing as well as comparability of results.


Figure 1. (a) Hematoxylin and eosin stained paraffin embedded living skin equivalent (Image courtesy of Innoven UK Ltd.); (b) The 24 mm diameter living skin equivalent model in use; (c) Tattoo sensor applied to the surface of Labskin.
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Labskin exhibited an acidic surface, with an average pH of 6.5 ± 0.2. This was higher than that measured for human skin, which measured an average pH of 4.9 ± 0.4 and 5.6 ± 0.3 for male and female participants respectively (Figure 2a). The reported range for normal human skin varies from an acidic pH of 3.0 to a near neutral pH of 6.5, and is affected by numerous factors [28]. Similar HSE models have demonstrated the same range of acidic surface pH (pH 6.3), which was higher than that measured for human skin (pH 5.4) [29].


Figure 2. (a) Measured pH values for Labskin and human participants’ skin over a 10-day period; (b) Measured tissue dielectric constants (TDC) for Labskin and human participants’ skin over a 10-day period. (F = female, M = male, Error bars represent the 95% confidence interval, n = 3).
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Labskin also displayed barrier integrity with a TDC of 56.3 ± 5.7. This was higher than that measured for human skin; 36.0 ± 4.0 for male and 29.4 ± 2.1 for female participants (Figure 2b). This is in agreement with previous reports on a similar HSE where higher TEWL (60 g·m2·h−1 in vitro vs. 10–45 g·m2·h−1 in vivo) values were recorded [29]. Measured human TDC values were also within the normal range, where men typically exhibit higher TDC than women [30]. The higher degree of variability observed for TDC in Labskin could be accounted for by the fact that the HSE was removed from the controlled humidity environment to perform measurements. Establishing an understanding of these biophysical properties and their normal range is important as it provides a baseline for future research, and has relevance for studies into areas ranging from product testing to skin physiology, the microbiome and barrier function where environmental conditions, pH, TDC and gender can play a pivotal role [31].



The barrier electrical properties of Labskin and human skin were impedimetrically assessed using screen-printed tattoo electrodes and the impedance data is presented as Bode and Nyquist plots (Figure 3). A Nyquist plot visualises the data as a complex plane by plotting the real (Z′) and imaginary (Z″) with every point providing a characteristic feature at a certain frequency. In comparison, the Bode plot showcases the amplitude/magnitude and the phase over the frequency range analysed, which is an advantageous compared to the Nyquist plot where frequency is not explicitly presented.


Figure 3. Overlaid impedance measurements represented as (a) Bode plot; (b) Phase plot; and Nyquist plots for Labskin (c) and human skin (d); Measurements were obtained impedimetrically from the tattoo sensor on 8 human participants (female—orange; male—blue) and on Labskin (black).
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The Bode plot (Figure 3a) reveals that Labskin had a lower impedance measurement compared to human skin. This indicates that Labskin is less resistive than human skin. This result was validated by TDC measurements (Figure 4), which showed Labskin to have a higher TDC (56.3 ± 5.7) than human skin (Male TDC: 36.0 ± 4.0 female TDC: 29.9 ± 2.1). These results were within the normal range for human skin, where men typically display a higher TDC than women (Figure 2b) [30]. Yamamoto et al. were first to investigate and elucidate the electrical properties of the SC using impedance spectroscopy, and showed that the SC layer forms a highly resistant current barrier zone in human skin [31]. The electrical properties of skin have since been widely studied and it is well established that the impedance of the skin resides within the SC, and changes in the structure or composition of the SC via chemical or mechanical impairment will alter the electrical response of skin [32,33]. The lower impedimetric signal seen for Labskin (Figure 3a) indicates that the LSE system can maintain homeostasis to a certain degree, but was not completely similar to the upper keratin layers of the human SC, which is a highly resistive barrier functioning as a more dynamic and complex system [34]. The phase plot (Figure 3b) revealed a lower phase angle for Labskin compared to human skin. It has been suggested that a higher phase angle can be indicative of healthier cell membranes in the context of wound healing in vivo, however, this requires further investigation in HSEs to understand the implications of phase angle in studies in vitro [35,36].


Figure 4. Overlaid total ion chromatograms showing recovered headspace solid-phase microextraction (HS-SPME) volatiles from (a) Female participant’s skin (F1); (b) Male participant’s skin (M1); and (c) Labskin.
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From the Nyquist plot (Figure 3c), the impedance spectrum of Labskin is shown, where a high frequency semi-circle is observed together with the beginning of another semi-circle at lower frequencies. The lower frequency range can be attributed to the electrode-skin interface, and the higher frequency range to the skin itself. Figure 3d shows the impedance spectrum for human skin which formed a single semi-circle with a larger diameter to that of Labskin due to the high impedance of the SC in human skin as well as potentially the impedance given by the electrode-skin interface (i.e., due to lower level of conformal contact of the tattoo with human skin) [12]. It is interesting to note that in the human skin spectra, the diameter of the semi-circle is smaller for the male skin when compared to the female skin. This correlates with the TDC measurement where a difference in TDC level was found for female vs male skin (Figure 2b). This is the subject of further research within our group. Overall, high capacitive effects were observed in human skin compared to Labskin (Figure 3c,d) and are attributed to the laminated keratin layers of the SC forming a highly resistive barrier in human skin. It is challenging to deconvolute the impedance spectra in the case of the human skin to ascertain the influence of the electrode-skin impedance from skin impedance across the spectrum. Overall however, this study highlights the potential sensitivity of tattoo electrodes, and impedance spectroscopy as a transduction technique, to investigate barrier properties in HSEs. It will become important to further investigate the electrical behaviours of both human skin and HSEs going forward. It is important to note that the manual handling involved in tattoo removal from the HSE limited the number of repeat measurements that could be performed before the model was compromised, thus necessitating further materials development to reduce mechanical impact of this type of measurement on in vitro models in the future.



Establishing an understanding of these biophysical properties and their normal range is important as it provides a baseline for future research, and has relevance for studies into areas ranging from product testing to skin physiology, the microbiome and barrier function where environmental conditions, pH, TDC and gender can play a pivotal role [37].




3.2. Volatile Organic Compounds


Characterisation of VOCs showed there to be a variety of classes of compounds emanating from human skin and Labskin. Figure 4 shows an overlay of the typical total ion chromatograms obtained, where there are distinct differences evident between human and Labskin volatile samples. There were 27 compounds identified present in participants’ skin (Table 1) and 16 in Labskin (Table 2), with confirmation of compound identities performed using retention indices (RI) with a tolerance of ±10 RI units. Compounds attributed to exogenous sources (e.g., siloxanes from SPME fibres) were excluded from these tables.



Table 1. Compounds identified in the skin headspace of human participants after 15 min headspace sample collection by solid-phase microextraction (SPME) followed by thermal desorption to gas chromatography-mass spectrometry (GC–MS), in order of increasing retention time. (× indicates the presence of a compound in a sample).
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×

	
×

	
×

	
×

	
×

	
×

	
×




	
Undecanal

	
112-44-7

	

	

	

	

	

	

	
×

	
×

	
×

	
×

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	

	
×




	
Dodecanal

	
112-54-9

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	

	

	
×

	

	
×

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×




	
Geranyl acetone

	
689-67-8

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×




	
Undecanoic acid

	
112-37-8

	

	

	

	

	

	

	

	
×

	

	

	

	

	

	

	
×

	

	
×

	

	

	

	

	
×

	

	




	
α-Isomethyl ionone

	
127-51-5

	
×

	

	
×

	

	
×

	

	

	

	

	

	

	

	

	

	
×

	
×

	
×

	
×

	

	

	
×

	
×

	

	




	
β-Ionone

	
14901-07-6

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Pentadecane

	
629-62-9

	
×

	
×

	

	
×

	
×

	

	
×

	

	

	

	

	

	
×

	

	

	

	

	

	

	

	

	

	

	




	
Lilial

	
80-54-6

	

	
×

	
×

	

	
×

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Dodecanoic acid

	
143-07-7

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×




	
Hedione

	
24851-98-7

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Octyl ether

	
629-82-3

	

	

	

	

	
×

	
×

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Tetradecanoic acid

	
544-63-8

	

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×

	
×




	
Octyl octanoate

	
2306-88-9

	

	

	

	

	
×

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
×

	

	

	

	




	
Isopropyl palmitate

	
142-91-6

	

	

	

	

	

	

	
×

	
×

	
×

	
×

	

	

	
×

	
×

	
×

	
×

	

	
×

	
×

	
×

	
×

	
×

	

	
×




	
Oleic acid

	
112-80-1

	

	

	

	

	

	

	

	

	
×

	
×

	

	

	

	
×

	
×

	
×

	
×

	

	

	
×

	
×

	
×

	

	










Table 2. Compounds identified in the headspace of Labskin after 15 min headspace sample collection by SPME followed by thermal desorption to GC–MS, in order of increasing retention time. (× indicates the presence of a compound in a sample).







	
Compound

	
CAS

	
Day




	
1

	
3

	
6

	
7

	
8

	
10






	
Ethylbenzene

	
100-41-4

	
×

	

	

	

	

	




	
Styrene

	
100-42-5

	
×

	
×

	
×

	
×

	
×

	
×




	
Camphene

	
79-92-5

	

	
×

	

	

	

	
×




	
Decane

	
124-18-5

	
×

	

	

	

	

	




	
Octanal

	
124-13-0

	

	

	

	

	
×

	




	
2-Ethyl-1-hexanol

	
104-76-7

	
×

	
×

	
×

	
×

	
×

	
×




	
Undecane

	
1120-21-4

	
×

	

	

	

	

	
×




	
Nonanal

	
124-19-6

	

	

	

	

	

	
×




	
1-Nonanol

	
143-08-8

	
×

	
×

	
×

	
×

	
×

	
×




	
Camphor

	
76-22-2

	
×

	

	

	

	

	




	
2,2,4-trimethyl-1,3-pentanediol

	
144-19-4

	

	
×

	

	
×

	
×

	




	
Isoborneol

	
124-76-5

	

	

	

	

	

	
×




	
Dodecane

	
112-40-3

	
×

	
×

	
×

	
×

	
×

	
×




	
Isobornyl acrylate

	
5888-33-5

	
×

	
×

	
×

	
×

	
×

	
×




	
2,6-Diisopropylnaphthalene

	
24157-81-1

	
×

	

	

	

	

	




	
n-Hexadecanoic acid

	
57-10-3

	

	

	

	

	

	
×










There were 5 compounds common to the volatile profile of all human participants on at least 5 of the 6 days investigated, with 1 (decanal) and 3 (2-ethyl-1-hexanol, nonanal, geranyl acetone) compounds common on all days to all male and female participants respectively (Table 1). They include some of the most frequently reported compounds present in skin, such as geranyl acetone, 6-methyl-5-hepten-2-one, octanal, nonanal and decanal [24]. Other compounds showing a high frequency of occurrence included hexane, nonanoic acid, dodecanal and 2-ethyl-1-hexanol. 2-ethyl-1-hexanol is frequently seen in human skin VOCs, and has been linked to industrial origins [24]. Figure S1 shows the representative distribution of compound classes identified in each participant’s skin volatiles. Alcohols and aldehydes remain the dominant species, accounting for 5–84% and 13–52% of the total distribution respectively. Esters also represented a significant component (up to 33%) of the female participant’s VOC profile, while hydrocarbons comprised a significant component (up to 41%) of the male participant’s VOCs.



Human skin is a constant source of VOCs and the dynamic nature of skin results in fluctuations in individuals’ day-to-day volatile profiles. This can be due to physiological and environmental influences, which can impact the chemical composition in the skin HS. Varying levels of fatty acids and sebaceous secretions in the SC (and their rate of oxidative degradation) can account for fluctuations in the major components of endogenous VOCs. The presence of the ester methyl dihydrojasmonate (hedione) in all female participants’ skin is likely due to frequent use of fragrance or cosmetics on the forearms (see Table 1). β-ionone seen in F1, F2, F3 and F4’s skin has also been reported present in skin VOCs, and may be linked with cosmetics or diet [15], along with α-isomethyl ionone seen in both male and female participants’ skin. It is impractical to completely eliminate such exogenous compounds from skin VOC samples due to their pervasive use in cosmetic products, which remain on skin despite using pre-treatment protocols prior to sample collection [24,38].



There were 5 compounds common to the Labskin VOC profile on all days investigated (Table 2). These were styrene, 2-ethyl-1-hexanol, 1-nonanol, dodecane, and isoborny acrylate. A similar variety of compound classes to that present in human skin were found present (i.e., acids, aldehydes, alcohols, hydrocarbons, esters), with the addition of terpenic compounds (e.g., camphene, camphor, isoborneol), however the individual compounds and their relative distribution varied substantially between human skin and Labskin (Figures S1 and S2). Esters comprised the largest portion of the volatile profile (80–85%) followed by acids and aldehydes (both accounting for between 3–15%) and terpenes (up to 2%). Aldehydes and acids were only detected present on Days 8 and 10, and collectively accounted for <1% of volatile profiles on those days. Aldehydes (including nonanal), alcohols and acids have previously been reported present in volatile emissions from human cells (normal melanocyte and melanoma cells) cultured in vitro [39] and were attributed to cellular metabolism. There were 3 compounds common to both human and Labskin VOC profiles herein (octanal, nonanal, 2-ethyl-1-hexanol). A number of the compounds present in Labskin VOCs (Table 2) have previously been reported present in samples from human skin, including octanal, undecane and nonanal which were listed within the 25 compounds most frequently isolated from headspace samples of human skin [24], as well as n-hexadecanoic acid [22], camphor [38] and nonanol [40]. However, it is important to note that several compounds identified (including ethylbenzene, styrene and isobornyl acrylate) likely derive from exogenous sources such as environmental contamination, the growth medium or matrix, and 2-ethyl-1-hexanol, which is a phthalate degradation product [39]. Numerous compounds identified in previous cellular VOC studies appear not to be from cellular metabolism, but are instead derived from exogenous sources such as the growth medium or environmental contaminants. Acevedo et al. similarly reported the presence of styrene and 2-ethyl-1-hexanol in human skin cell volatiles [41] where they investigated monolayer (2D) vs. 3D matrix immobilised cultures of human dermal fibroblasts and identified 6 out of total 13 separated compounds. Bartolazzi et al. investigated volatiles in human tumour cells and identified 14 compounds [42], including several exogenous compounds (e.g., butylated hydroxytoluene), which may be an additive of the growth medium [39].



Developing an understanding of typical VOC emissions in HSEs is important in establishing a baseline for future research and product testing. This technique holds significant potential for product development and testing [16]; wherein different VOC profiles and compound distributions can have implications for fragrance diffusion and perception; as well as for cosmetic dermatology in terms of barrier function research [22]. These are both under current investigation within our research group, through evaluation of fragrance diffusion on different skin types, and a clinical study into volatiles in chronic skin disease. Sampling volatile emissions from skin in vitro and in vivo can provide valuable insights into metabolism and physiology [39,41,42], however, there is a need for detailed evaluation of environmental contaminants and matrix contributions in future development of this technique. The importance of gender differences [31,43] along with localised and temporal variations demand consideration towards permitting comparability between in vitro models and human participants.





4. Conclusions


The present research has investigated the application of two emerging tools to the repeated non-invasive assessment of skin barrier properties in vitro and in vivo. VOC profiling offers a non-contact method of biochemical interrogation that is repeatable and easily performed on both cellular models and human participants. Temporary tattoo sensors were also shown to permit non-invasive characterisation of the barrier properties in vivo and in vitro, however, the repeatability of testing in vitro did not extend beyond several hours, owing to the manual handling involved in the removal of tattoo sensors after use. The continued development of these non-invasive tools for assessment of SBF offers potential for improved quality and relevance of data, reduced ethical concerns and non-destructive sampling. There is also the potential for detection of changes that are undetectable in the traditional palpable and visual assessment, which may permit early detection of irritant reactions in cosmetic and skincare testing. This technology has significance for a variety of application areas outside that of cosmetic product testing, including clinical diagnostics, management of therapies, fundamental cell biology and physiology research.








Supplementary Materials


The following are available online at www.mdpi.com/2079-9284/4/4/44/s1, Figure S1: Distribution of compound classes in human skin volatile samples, Figure S2: Distribution of compound classes in volatile samples from human skin equivalent.
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