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Developing Approaches to Skin Volatile Biodiagnostics Using Non-Invasive Techniques 

Melissa Finnegan 
 

Wearable sensors have become popular in recent years with many types being available 
on the commercial market. These wearable sensors allow the monitoring of physiological 
parameters such as heart rate but give limited insights into the body’s biochemistry and lack 
the ability to characterize important metabolic processes. While blood is the “gold standard” 
for monitoring the body’s biochemistry, it is known that various components of skin, including 
interstitial fluid (ISF) and sweat offer alternative, non-invasive “windows” into the health of 
the individual via the tracking of biomarkers present within these matrices. This has prompted 
the innovative development of new types of wearable biodiagnostic platforms capable of in-
situ extraction and analysis of these various skin matrices. 

Wearable sensor development for biofluids such as ISF and sweat have thrown up many 
challenges with respect to generating and collecting sufficient volumes of such biofluids for 
reliable analyte detection. This thesis seeks to overcome the specific requirement for biofluid 
collection and manipulation by investigating the volatile emission from skin, a matrix that is 
continuously emitted from skin and which contains biomarkers of metabolic and cellular 
processes within the body. The work seeks to establish the volatile profile for healthy skin 
using a headspace solid-phase microextraction (HS-SPME) gas-chromatography (GC-MS) 
workflow to better understand factors that impact the emission including circadian rhythm, skin 
sampling site, gender and age. Mammalian cell culture studies were undertaken to investigate 
the response of human keratinocytes to frequently emitted skin volatiles to further understand 
and establish the contribution of such skin-derived compounds to the induction of cutaneous 
protective pathways. Finally, a move toward the use of a simple, cost-effective, wearable 
colorimetric sensor platform to monitor volatile emissions from skin was also explored with 
the feasibility of measuring skin surface pH, through the volatile ammonia emission from skin. 

Overall, this work seeks to understand the robustness of the healthy skin volatile profile 
across a population and to demonstrate novel, simple approaches to tracking volatiles of 
interest to health via HS-SPME GC-MS workflows and wearable colorimetric-based 
biodiagnostics while also outlining their challenges and limitations. Exploiting the skin volatile 
emission to monitor skin physiology without the need for microneedles or the requirement to 
harvest fluid from skin is enticing. The understanding of this emission and its exploitation for 
wearable biodiagnostics has great potential for personalised monitoring of general health and 
self-management of chronic diseases shown to be associated with volatile biomarkers in the 
future. 
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Abstract  

Wearable sensing technology has recently and rapidly moved towards the development of 

many commercially available sensing devices that focus on physical measurements such as 

heart rate and blood oxygen levels. Such physical measurements give a limited insight into an 

individual’s health status. While being described as barrier to our surrounding environment, 

the skin is a unique organ that has great biodiagnostic potential and can offer insight into 

metabolic processes within the body through the analysis of matrices produced within the skin 

such as biofluid and volatile emissions. Such biodiagnostic potential has led to the innovative 

development wearable sensors capable of detecting biomarkers from skin. While many sensors 

employ electrochemical transduction of biomarker response, wearable sensors utilising optical 

transduction are gaining traction owing to their simplicity and low-cost. This review aims to 

outline recent advancements in the development of wearable optical sensors for the detection 

of biomarkers in ISF and sweat as well as the skin volatile emission while also outlining 

practical challenges in their use, along with possible opportunities ahead for personalised 

monitoring of general health and self-management of chronic diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 11 

1.1. Introduction 

Skin is the largest organ of the body and while complex [1], has tremendous biodiagnostic 

potential. Acting as a barrier to the external environment around us, it prevents the invasion of 

pathogens that may cause infection and also regulates the loss of water and solutes [2]. Various 

skin biofluids and volatile emissions from skin offer a “window” into the metabolic processes 

of the body and give insight into the health of an individual by means of biomarkers present in 

such matrices [3].Biofluids and volatile emissions are easily accessible and can be sampled in 

minimally- and non-invasive manners therefore overcoming the need for invasive methods of 

sampling such biopsies and blood-sampling, which can prove uncomfortable for patients. 

Glucose, for example, can be detected in both ISF and sweat, in good correlation with blood-

glucose concentration, thus offering a non-invasive means of assessment for diabetic patients 

[4]. Other studies have corelated biomarkers such as sodium and potassium in sweat as 

biomarkers of dehydration in athletes [5]. Such studies highlight the potential of detecting such 

biomarkers for human health, well-being and physical performance. 

These findings have prompted the innovative development of various types of wearable 

epidermal sensors capable of sampling and detecting such biomarkers of interest. To date, 

electrochemical transduction has been employed for the analysis of biofluids and volatile 

emissions from skin but recently optical transduction though fluorometric and colorimetric 

sensors has gained traction and shows exciting possibility. This review will focus on the latest 

in wearable optical sensors outlining sampling techniques, sampler and sensor materials, 

sensing chemistries and their integration within the platform along with the challenges and 

opportunities for wearable optical sensors.  

 

1.2. Skin composition and function 

1.2.1. Physical structure 

The skin is the largest organ of the human body and has a surface area of 1.5-2 m2 [6]. 

It is a complex organ that is comprised of three main layers, the epidermis, dermis and 

subcutaneous tissue or hypodermis [7] (Figure 1.1). Each layer of the skin varies in structure, 

function and composition. The main function of the skin is as a barrier against the external 

environment around us [8]. It prevents the invasion of pathogens into the body that might cause 

infection and helps to regulate loss of water and solutes [1]. Another key role of the skin is 

thermoregulation, a homeostasis process which regulates body temperature [9].  
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The hypodermis layer is found deep within the skin and binds the skin organ to the 

skeletal frame of the body. Located above this is the dermis and this layer protects the skin 

against mechanical damage. The outermost layer of the skin is the epidermis, which is 

comprised of sublayers including the stratum basale, stratum spinosum, stratum granulosum 

and the final layer, exposed to the environment around us, the stratum corneum (SC) [7].  

 
Figure 1.1.  Diagram of the skin structure showing the three main layers, the epidermis, dermis 

and subcutaneous layer. All components of each layer are labelled including each gland present 

in the skin [10].  

1.2.2. Stratum corneum  

The SC is the outermost layer of the skin and is the first line of defence between the 

body and the external environment. It is a region of high metabolic activity where secretion of 

a rich variety of biochemical markers occurs, including lipids, peptides, proteins, cytokines, 

nucleic acids and volatile compounds. The structure of the SC can be described as a “brick and 

mortar” configuration (Fig 1.2) [6]. The epidermis is known to regenerate over a period of 28 

days via a terminal differentiation process called keratinization or cornification [11,12]. This 

process results in a cornified envelope known as the “bricks” which is surrounded by a lipid 

rich lamellae described as the “mortar” [13]. Corneocytes are flat elongated cells (composed 

primarily of keratin (70%-80%) and lipids (20%)) surrounded by a cornified cell envelope. The 

cornified cell envelope is a polymeric protein/lipid envelope formed just below the cytoplasmic 

membrane found on the exterior of corneocytes. It consists of two parts; lipid envelope and a 

protein envelope [2]. The protein envelope dictates the biomechanical properties of the cells 
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by crosslinked structural proteins (filaggrin, involucrin, loricrin, elafin, cystatin A, and 

desmosomal proteins) through amide and sulfide bonds. The lipid envelope comprises N-ω-

hydroxyceramides (OH-Cer) covalently bound to the protein envelope [2]. The lipid matrix 

helps regulate permeability of the epidermal barrier and is mainly comprised of cholesterol, 

free fatty acids (FFAs) and ceramides.  

Proper development and maintenance of this “brick and mortar” type structure is crucial 

to protecting the body against chemical and microbial attacks from the external environment. 

The maintenance of the SC is also key to hydration of skin and regulating water loss. If the 

skin barrier is compromised or impaired then microbes or irritants will easily penetrate this 

skin barrier and may cause disease and infection in the body/skin such as atopic dermatitis 

(AD) [14,15]. Researchers have moved towards monitoring the skin of individuals who are 

prone to these diseases in order to detect biomarkers or early signs of disease onset. The water 

content [16], pH of skin surface [17] and volatile skin emission [18] are all parameters 

investigated in order to further understand these types of skin conditions.  

 
Figure 1.2.  Structure of the SC showing cornified cells (bricks) and lipid lamellae (mortar) 

[13]. 

1.2.2.1. Glands  

Glands are skin appendages that allow the excretion for sweat and sebum to the skins 

surface.  There are three main types of glands present in skin: eccrine, apocrine and sebaceous 

glands which are illustrated in Figure 1.3 below [19]. Gland density is not uniform across the 

body and varies across different skin sites [20]. Eccrine and apocrine glands are characterised 

as sweat glands and contribute to overall sweat production [19].      
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Figure 1.3.  Structure of eccrine, apocrine and sebaceous glands in human skin [19].  

 

Eccrine glands are the most numerous glands, distributed across the entire body surface 

area and are responsible for the highest volume of sweat excretion. They are coiled tube-like 

structures that have two domains; the secretory and the ductal portions. The secretory portion 

consists of a single layer of cells while the duct consists of two layers of cells and is covered 

internally with a material called the cuticle. As a consequence, the duct has a slightly smaller 

diameter than the secretory portion. Eccrine sweat is released directly onto the skins surface 

from these glands [21] and its composition is governed by factors such as diet, metabolic rate 

and drug administration [19]. Eccrine glands are mainly responsible for thermoregulation of 

the body, which helps keep the body cool [22]. This homeostasis process is crucial to 

maintaining a constant environment within the body. These glands can be located on both 

glabrous and non-glabrous skin, with the highest density being found on the palms and soles 

(~250-550 glands/cm2) [23]. Gland density on glabrous skin such as the face, arms and legs is 

~2-5-fold lower compared to the palm and soles [23]. Eccrine sweat secretion is mostly 

comprised of water but also has a rich composition of electrolytes such as chloride [24], 

potassium [5] and sodium [25], metabolites such as lactate [26], glucose [27] and urea [28] and 

other components including amino acids [19].  

Apocrine glands are the second type of sweat gland located in human skin. These glands 

differ from eccrine glands in that they are larger and open into hair follicles rather than directly 

onto the skin surface [29]. They comprise a coiled secretory portion and a straight duct portion. 

The coiled secretory portion is the gland itself and is found in the lower dermis of the skin. It’s 

walls are composed of cells known as granules. Small granules are round while the large 

granules are fine, electron-dense and rich in iron. Glands terminate in the duct region and lead 
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directly into hair follicles [30]. Apocrine glands are primarily located in the axillae, breasts and 

genital regions and are responsible for odour and lipid-rich sweat which is comprised of 

proteins and sugars [31]. Their secretory function does not begin until puberty [32].  

Sebaceous glands are another type of gland that are present over much of the body 

surface but are densely located on the forehead, face, upper back and scalp. Sebaceous glands 

are found midway down the dermis layer, almost always adjacent to a hair follicle with a duct 

emptying into the follicular canal. Sebaceous glands are absent from non-glabrous skin such 

as the palm and soles [31]. These glands secrete a viscous, lipid rich sebum that contains 

triglycerides, cholesterol, wax esters, and squalene [19]. Maximum secretion of sebum from 

these glands is achieved only after puberty [33]. Sebum produced contributes to the physical 

barrier of the SC by preventing evaporation of excess water from skin and it also serves a 

chemical function as it is a nutrient rich medium that promotes the growth of skin bacteria [34]. 

Over production of this lipid-rich fluid has also been linked to the development of skin diseases 

such as acne [35,36]. 

 
1.2.2.2. Microbiome 

The skin acts as a physical barrier to prevent the invasion of pathogens as discussed 

above. It’s surface is host to millions of bacteria, fungi, viruses and mites that form the skin 

microbiota (Fig 1.4) [37].  

 
 

Figure 1.4. Structure of skin with various microorganisms living on skin surface labelled 
[38]. 
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Skin’s microorganisms play an important role in defence against invading pathogens, 

education of our immune system and the breakdown of natural products. Eccrine, apocrine and 

sebaceous gland density as well as the microorganisms present within the skin gland duct itself 

can contribute to the microbiota composition on the skin’s surface at specific body sites [37]. 

Sites can be categorised as sebaceous, moist or dry. Sebaceous sites, such as the forehead, are 

known to be dominated by lipophilic Propionibacterium species. Bacteria such as 

Staphylococcus and Corynebacterium are abundant in moist sites such as the bends of the 

elbows, axillae region and feet. Dry sites of the body, such as the arms and the legs, are mainly 

populated by Staphylococcus and Micrococci species [39]. These bacteria species interact with 

the various gland secretions produced at the various sites. For example, sebaceous glands are 

relatively anoxic and can support the growth of anaerobes such as Propionibacterium acnes, 

which is a common skin commensal bacterium [40]. P. acnes is known to hydrolyse 

triglycerides present in sebum to release free fatty acids (FFAs) onto the skin surface. 

Bacterium can then adhere to these FFAs and aid in the colonisation of the sebaceous gland. 

Production of these FFAs also contribute to the acidic pH of the skins surface which will be 

discussed in more detail in section 1.2.2.3. Bacteria helps maintain and support the natural 

microbial balance of the skin, however it can also cause disease such as acne vulgaris under 

certain conditions [41].  

While bacteria are known to be the most abundant kingdom across skin sites, other non-

bacterial microorganisms including fungal species and viruses have also been isolated from 

skin. In contrast to bacterial communities, fungal community composition is similar across the 

entire body and less diverse with Malassezia being the main genus of fungi that predominates 

across the skin. The foot has the most diversity in terms of fungal communities where 

Malassezia, Aspergillus, Cryptococcus, Rhodotorula, Epicoccum and Candida were all species 

of fungi recovered [39,42]. Moreover, viruses such as Bacteriophages are also present in the 

skin’s surface and play a role in the skin microbiome by modulating the physiology and 

composition of the microbiome’s microbial community. However, due to low phage biomass 
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in skin samples and a lack of sequencing data, there are few studies on the impact of phages on 

the skin microbiome [37,43].  

 Overall, the diverse skin microbiome is mainly comprised of bacteria, fungi and viruses 

which all play an important role in the defence against the invasion of pathogens, preservation 

of skin homeostasis and modulation of the immune system [37,38,42].  

 

1.2.2.3. pH  

The hydrogen ion concentration or skin surface pH of skin can provide valuable 

information about an individual’s health. An acidic pH of between 4.2 and 6.1 is observed in 

healthy human skin [6]. Cutaneous pH plays an important role in maintaining the normal 

bacterial flora of the skin and prevents invasion of pathogens, as discussed above. Skin surface 

pH measurements are typically performed using ion selective electrodes that measure the 

concentration of the hydrogen ion and convert it into an electrical signal [44]. Endogenous and 

exogenous factors such as eccrine and sebaceous secretions, anatomic sites, proton pumps, age, 

gender and genetic predisposition can affect the skin surface pH [45,46]. Figure 1.5 illustrates 

the sources that modulate skin surface pH.  

 

 
Figure 1.5. Contributors to skin surface pH. Exogenous sources highlighted by blue arrows;  

endogenous sources indicated by red arrows. 

 

A hydrolipidic film covers the outer surface of the SC and plays an important role in 

the functioning of the epidermal barrier. The hydrolipidic layer is comprised of two fractions 

including the aqueous fraction derived typically from eccrine sweat gland excretions and the 
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lipidic fraction called the skin surface lipid (SSL) fraction. SSL fraction composition is derived 

from endogenous epidermal lipids within the cornified layer of the SC and in the case of sites 

containing sebaceous glands, secreted sebum. The composition and thickness of this SSL 

depends on the number of sebaceous glands present at a site [47]. Sebum contains triglycerides, 

wax esters, free fatty acids (FFAs) and squalene as the main components of the SSL. Essential 

fatty acids of carbon chain length C16 and C18 dominate the FFAs present in the hydrolipidic 

film [48]. The generation of FFAs can be driven by the hydrolysis of sebum-derived 

triglycerides by lipases of bacteria whose activity is known to be modulated by pH [49].  

In general, acidity of the skin surface is important for both antimicrobial defence and 

permeability barrier formation. Several mechanisms have been associated with the acidic pH 

of skin, these include exogenous and endogenous mechanisms [46]. The exogenous mechanism 

of FFA generation by microbial hydrolysis of components of sebum in hydrolipidic film 

described above. Another exogeneous pH modulation source is the generation of lactic acid 

and ammonia as eccrine-derived sweat products [50,51]. Endogenously, FFA production arises 

from the hydrolysis of phospholipids catalysed by a secretory phospholipase enzyme (sPLA2) 

in the SC [46]. Furthermore, sodium proton pumps which actively pump protons to  are also 

thought to contribute to the acidity of the SC [50].  

While there are several mechanisms that contribute to skin surface acidity, FFA 

generation from certain pathways is clearly an important contributor. Recently, our group has 

examined a correlation between the skin surface pH and the emission of volatile fatty acids 

from skin of healthy participants [52]. Volatile fatty acid (VFA) emissions from the skin were 

sampled and analysed by gas-chromatography mass-spectrometry (GC-MS). Strong 

correlations were observed between recovered VFA abundances and skin surface pH for 

specific body sites. Such research supports the premise that skin surface pH is linked with FFA 

production.   

 
 
1.3. Potential sources of novel skin-based biomarkers  

While the skin has been described as an information barrier [3,53], various skin matrices 

such as ISF, sweat and also the volatile skin arising from volatile glandular and microbial 

emissions contain metabolites that are potential biomarkers of health [3]. Exploiting these gives 

interesting opportunities for the development of new biodiagnostics in the form of epidermal-

based devices capable of sampling and the in-situ detection of biomarkers expressed in skin 

biofluids and the volatile emission.  
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1.3.1. Interstitial fluid 

ISF is a body fluid that fills extracellular space in tissues. The main function of ISF is 

to transport metabolites and electrolytes to tissues, muscle cells, cartilage, bone cells, organs 

and groups of cells [54]. Small molecules including cortisol [55], glucose [56], lactate [57], 

sodium [58] and potassium [59] are readily exchanged by diffusion from blood and 

surrounding vascular tissue into the ISF thus offering an alternative to blood sampling of these 

molecules.  

Molecules enter dermal ISF from blood in various ways such as by transcellular 

diffusion where molecules, such as small uncharged molecule like cortisol, diffuse through the 

plasma membrane of capillary endothelial cells [60]. Paracellular diffusion can also occur 

where molecules are transported through the space between cells. Finally, transcytosis can 

occur which is the vesicular transport of molecules through the cell. High capillary density, 

low flow rate, force produced by blood pressure and ability of large molecules all contribute to 

the facile exchange of fluid and analytes between blood and ISF [53]. Net fluid flow from the 

blood is driven by hydrostatic pressure and this results in similar or equal analyte 

concentrations between blood and ISF, highlighting ISF as an alternative, more easily 

accessible matrix comparable to blood. For example, small charged analytes including Na+, K+, 

and other compounds such as glucose pass through the cell membrane via paracellular diffusion 

or transcytosis and have similar ISF and blood concentrations [61].  

ISF glucose (3.9 – 6.6 mM [62]) concentrations have frequently been shown to correlate 

with concentrations in blood (4.9-6.9 mM [63]) with a lag time of 5-10 minutes [4,64–66] thus 

offering a less invasive means of monitoring compared to blood finger prick. This has led to 

the innovation of the commercially available continuous glucose monitors (CGMs) such as the 

Abbott Freestyle Libre and the Dexcom sensor, that are capable of continuous sampling and 

monitoring of glucose concentrations for diabetes patients with high accuracy [67]. Other small 

charged molecules such as sodium and potassium ions has also been shown to also similar ISF 

concentrations compared to blood [61] while lactate, originally thought to have strong 

correlation with blood was shown to have weak correlation [68].  

Despite these innovative advancements in the use of ISF as a proxy for blood, there are 

still many challenges associated with its extraction and biomarker detection, which be 

discussed in section 1.5. 
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1.3.2. Sweat 

Sweat is mainly generated by eccrine and apocrine sweat glands which were discussed 

in section 1.2.3 [19]. The primary function of sweating is body temperature regulation [19,69]. 

Sweat is also thought to play a role in epidermal barrier homeostasis through its delivery of 

water, natural moisturising factors and antimicrobial peptides to the surface of the skin [70]. 

Furthermore, sweat plays a minor role in eliminating waste products and toxicants from the 

body [71]. Biomarkers in sweat include glucose [72], lactate [73], sodium [25], potassium [74], 

urea [75], cortisol [76] and hydrogen [77]. 

Similar to ISF, molecules found in the blood are secreted into sweat via 3 main routes, 

transcellular diffusion through the plasma membrane of capillary endothelial cells, paracellular 

diffusion between cells and finally through vesicular transport through the cell known as 

transcytosis [78]. Here, net fluid flow from blood and ISF, driven by osmotic pressure 

combined with greater cellular barriers for analyte transfer causes dilution of the biomarkers 

detected in sweat compared to blood [53] thus increasing difficulty in the detection of 

biomarkers. Furthermore, skin surface contamination may prove an issue and previously 

excreted sweat residing on skin may mix with newly excreted sweat thus hindering accurate 

analyte detection [79].  Sodium and chloride concentration in sweat are shown to have no 

correlation with blood concentrations and this is likely due to the reabsorption of these ions in 

the sweat glands thus making their concentrations independent of blood [53]. Similarly, lactate 

is produced within the sweat gland itself and during high exertion periods a spike in lactate 

concentration in sweat dominates diffusion from the blood and correlates well with exercise 

intensity but does not show representation of the anaerobic state of the body [26,28,73,80,81].  

Monitoring changes in the concentrations of some these electrolytes can potentially act 

as indicators for clinical conditions or hydration status in athletes [28]. For example, cystic 

fibrosis (CF) is a disease that has been linked to changes in the transport of sodium and chloride 

ions which can lead to a build-up of mucus in various organs such as the lungs and intestines 

[82,83], thus monitoring their concentrations in sweat can prove useful in CF diagnosis. 

Moreover, sodium and chloride concentration determination in sweat, along with whole body 

sweat loss has been linked to the hydration status of athletes [84]. Monitoring these may aid in 

detection of certain conditions such as hyponatremia (low sodium content) and can also assist 

in optimising approaches to re-hydration to help enhance athletic performance and general 

health [85,86].  
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In general, sweat has a rich diagnostic potential however there are still many challenges 

faced including sufficient sweat generation, fluid handling and manipulation that will be 

discussed in the further sections.  

 

1.3.3. Volatiles  

Exploiting volatile biomarkers emanating from the skin as a source of information to probe 

the body’s biochemistry has been of great interest recently as the volatile profile from skin 

contains information on cellular processes within the body and thus can offer insight into the 

metabolic condition of an individual. Skin volatile profiles reflect metabolites of the dermal 

and epidermal cellular layers, compounds carried to the skin via the bloodstream as well as 

volatile metabolites that are derived from symbiotic bacteria that live on the skin and from 

metabolization and transformation of secreted compounds in sweat and sebum [87].  

Different regions of skin emit different volatile profiles comprised of a diverse groups of 

compounds which are volatile at skin temperature. Literature has reported over 600 volatile 

compounds previously isolated from human skin extracts [88]. Emitted compound classes 

include alkanes, alkenes, aldehydes, acids, ketones, alcohols, sulphur-containing compounds 

and nitrogen-containing compounds, from both endogenous and exogenous sources [88] with 

compounds each having different emission flux ranges from skin, for example the aldehyde 

nonanal shows an emission flux range of 18.1-119 fmol/cm2/min while the ketone, acetone is 

emitted is at a much higher rate of 493-3680 fmol/cm2/min [89]. Acetone is a component of 

ketone bodies that has frequently been detected in human breath as a potential means of 

monitoring diabetes [90]. Acetone is also emitted from skin [91] and significant correlation 

between ketone bodies detected in the blood and skin acetone emission have also been 

established [92].  

Skin volatiles sampling techniques can be categorised into surface-contact and headspace 

sampling modes [93]. Typically, surface-contact modes often employ the use of an adsorbent 

such as glass beads [94], gauze [95–97], poly(2,6-diphenylphenylene oxide) (Tenax) patches 

[98] or polydimethylsiloxane (PDMS) membranes [99,100]. Samples obtained using these 

sampling techniques typically require solvent extraction or the employment of pre-

concentration techniques due to the trace quantities emitted from skin. Recently, however, 

direct headspace solid-phase microextraction (HS-SPME), a headspace-based sampling mode, 

has emerged as the gold standard for the analysis of trace volatile emissions from skin as it 

allows sensitive extraction and pre-concertation in one step thus omitting the need for extra 
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pre-concentration steps [18,52,101,102]. Furthermore, gas-chromatography mass-

spectrometry (GC-MS) is the gold standard for analysis of trace volatiles and so has been 

employed frequently to detect analytes in skin volatile emissions [52,89,96,102]. 

Volatile emissions from skin are emitted from skin continuously and passively and offer 

an exciting alternative to the analysis of biofluids such as ISF and sweat. Their potential, along 

with challenges faced in fabrication and biomarker detection will be outlined in more detail in 

section 1.5.    

 

1.4. Chemical sensing 

Chemical sensing involves the transforming of relevant chemical or physical properties 

of a molecular or ionic species into analytically useful outputs that can be used to detect subtle 

changes in a chemical environment [103]. Typically, a chemical or biochemical sensor is 

comprised of two elements, a receptor, and a transducer. In the receptor element, chemical 

information such as the concentration of a compound, pH or temperature is converted into a 

useful analytical signal; electrochemical, optical, or electronic, that can be measured by a 

transducer (Fig 1.6). These biochemical sensors typically have selectivity for a single analyte, 

with some sensors having the ability to detect multiple analytes by utilizing several different 

receptor elements within a single platform. Biomarker detection from skin is commonly carried 

out using electrochemical or optical transduction [104]. Electrochemical sensors has frequently 

been employed for detection of skin biofluid and volatile biomarkers due to their high 

sensitivity, high selectivity and fast response times [105]. Optical chemical sensing, however, 

has been used less frequently but is recently finding its niche for the detection of biomarkers in 

skin biofluids and volatiles and offers an exciting alternative to electrochemical transduction. 

 

1.4.1. Electrochemical sensing 

Electrochemical sensing employs the use of electrodes to measure the electrochemical 

changes that are generated upon the interaction of a target molecule with an immobilized 

sensing surface using amperometric, potentiometric or impedimetric techniques [106]. 

Electrochemical sensing has, to date, been the main transduction method used for the analysis 

of biofluids such as ISF [57,107–110] and sweat for wearable devices. Metal oxide (MOx) 

sensors [111–113] have been developed for the detection of skin volatiles utilizing 

electrochemical transduction as an emerging alternative to the typically used gold standard 
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headspace solid-phase microextraction (HS-SPME) sampling coupled with gas-

chromatography mass spectrometry (GC-MS) analysis [18,52,89,101]. 

Despite the integration of highly innovative electrochemical detection techniques there 

are still some challenges associated with such sensor platforms. For example, electrochemical 

noise, signal drift and fouling remains to pose challenges for wearable electrochemical sensors 

[114]. Efficiency of the electrochemical response may be affected by intrinsic body noise, skin-

electrode interface noise and environment noise [3]. Signal drift is another challenge that is 

associated with electrochemical sensors. For example, commercialised CGMs suffer from 

signal drift related to sensor aging and frequently require calibration by the user using the 

finger-prick method. Fouling of the electrodes can also occur which can limit sensor stability 

thus reducing the wear-time of the sensor.  

Moreover, there are demanding energy requirements for adequate power and memory 

capacity to allow for continuous monitoring. While self-powered wearable electrochemical 

sensors such as the use of triboelectric nanogenerators (TENGS) [115], piezoelectric 

nanogenerators (PENGS) [116] and biofuel-powered sensors which utilise biofluids as 

sustainable bioenergy sources [117,118], have been developed there is still continued research 

required to preserve simplicity of operation and maintenance of the miniaturization required 

for wearable biosensors.  

These flaws have prompted revisiting to the pre-electronic era of analytical chemistry 

by the use of optical sensors. The lack of electrical components, simplicity in design, ease of 

use and low-cost has made optical sensors an attractive alternative to electrochemical sensors.  

 

1.4.2. Optical sensing  

Optical chemical sensors use visible, infrared or ultraviolet light to probe chemical 

reactions at liquid or solid interfaces. Such sensors can be further subdivided based on the type 

of optical property used for sensing, for example, absorbance, reflectance, fluorescence, 

luminescence, refractive index, optothermal effect or light scattering [119]. Different optical 

transduction methods utilise various regions of the electromagnetic spectrum and measure a 

wide range of parameters including intensity of light, lifetime and polarization. Detection 

mechanisms of optical sensors rely on two fundamental requirements: a chemical reaction 

between the analyte of interest and a chromogenic/fluorogenic substance and a production of a 

quantifiable change under the excitation or irradiation of light [120]. Absorbance, reflectance 

and fluorescent detection are commonly employed in wearable optical sensors.  
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 1.4.2.1. Fluorometric sensing  

One of the most commonly used spectroscopic methods is fluorescence detection and 

exhibits high sensitivity compared to other optical methods. Fluorescence is a type of 

luminescence that occurs when photons in the singlet group state are promoted to the singlet 

excited state. The spin of the excited electron is still paired with the ground state electron. 

Return to the ground state is spin allowed and occurs rapidly with the emission of a photon 

[121]. Fluorescent measurements take advantage of a wide variety of parameters including 

fluorescence intensity, emission lifetime and fluorescence decay. There are three types of 

fluorophores: intrinsic probes where the sensor itself is fluorescent, extrinsic probes where the 

fluorophore is attached to the sensor binding site and the fluorescent property is modulated by 

analyte binding and differential/displacement probes where the analyte of interest binds 

competitively to a receptor that already has a fluorophore bound already and the release of the 

fluorophore allows a change in the fluorescence signal [120]. Biomarkers in skin biofluids and 

volatile emission have recently been sensed using both intrinsic and extrinsic fluorescent 

probes with their sensing chemistry and integration into wearable sensors being discussed in 

further in the following sections [122–124].  

 

1.4.2.2. Colorimetric sensing 

Colorimetry is a quantitative measurement of UV-vis absorbance or reflectance. The 

underlying principle involves the generation of colour by a chemical or biochemical reaction 

between an analyte and a colorimetric sensing reagent. Intensity of the resulting colour can be 

distinguished using the naked-eye and further quantified by measuring absorbance using a 

spectrophotometer/colorimeter. Further image analysis is done using softwares such as ImageJ 

and MATLAB. Colour spaces, which are abstract mathematical representations that define the 

range of perceivable colours in human vision, have been used to accurately quantify 

colorimetric sensor responses upon interaction with analytes. These colour spaces include red, 

green and blue (RGB), hue, saturation and brightness (HSB), Y’UV and L*a*b (L defines the 

whiteness of blackness of a pixel and A and B are colour difference channels) [125].  

Many colorimetric sensors are on the commercial market for different applications such as 

pregnancy tests and COVID tests which both work on a lateral flow principle where capillary 

action is employed to move the sample toward a detection antibody and a line appears only if 

the target molecule is present in the sample indicating a positive test [126].   
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Colorimetric sensors offer a low cost, instrument-free alternative to the more costly 

electrochemical sensors as they do not require complex electronics and power supply. Recent 

advancements, along with challenges and opportunities for the use of colorimetric sensing in 

the analysis of skin biofluids and volatile emission will be discussed in-depth in the following 

sections.  

 

 

 

 

 

 

 

 

 

 

 

  
Figure 1.6.  Schematic of a chemical sensor with selectivity for a single analyte. 
 
1.5. Current state of the art in wearable optical biochemical sensors 

The broad wearable sensor market is currently dominated by commercial watch brands, 

eg Apple Watch and the Fitbit [127]. These watches house sensor technology to monitor 

physiological parameters such as heart rate and blood oxygen levels through the use of optical 

sensing technique called photoplethysmography (PPG). PPG involves the detection of changes 

in the light intensity with respect to the changes in blood flow of the tissue to configure a heart 

rate [128]. These physiological sensors only monitor physical activity and can give only limited 

insight into an individual’s health status. As previously mentioned, sensing biomarkers in skin 

biofluids and volatiles has the potential to give insight into the metabolic processes of the body 

[129]. This has prompted research into the innovative development of various types of 

wearable devices capable of extracting, sampling and analysing biomarkers in skin matrices 

such as ISF, sweat and skin volatiles.  
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1.5.1. Extraction and generation of skin biofluids and volatiles  

One of the main challenges faced with wearable optical sensors is the extraction, 

generation and sampling of a sufficient volume of a biofluid of interest for biomarker detection. 

Extraction of ISF requires drawing ISF from the dermis layer to the SC using techniques 

involving suction blister [130], reverse iontophoresis [108–110,131], microneedles (MNs) 

[59,107,132–134] and more recently magnetohydrodynamics [135,136] all of which are 

minimally invasive. Sweat, derived from sweat glands, is excreted directly onto the SC 

therefore making it readily accessible and available for non-invasive sampling. Sufficient 

volumes of sweat can be easily generated for collection through exercise [137,138], thermal 

[24,139,140] or by chemical stimulation [141–143]. Volatiles however, are continually and 

passively emitted from skin and this obviates the need for extraction or generation associated 

with ISF and sweat [89,144,145]. Biofluid extraction or generation techniques commonly 

employed in wearable optical sensors are outlined here along with a discussion around 

challenges faced and possible opportunities for improved extraction and generation.  

Polymeric-based MNs, such as methacrylated hyaluronic acid (MeHA), polyvinyl 

alcohol (PVA), polyethylene glycol diacrylate (PEGDA), polystyrene (PS) and hyaluronic acid 

(HA) have frequently been employed for ISF extraction within wearable optical sensing 

platforms [146–150]. MNs need to penetrate the skin in order to recover biofluid and typically 

employ capillary action to drive the extraction of ISF from the dermis thus making 

biocompatibility of the MN with skin paramount [151]. Nicholas et al. utilised a hollow MN 

geometry, fabricated using a photopolymer mix and a silicone mould to produce a sharp 

bevelled-edged MN (400 µm in length), to extract ISF via capillary action [149]. Other hollow 

MNs using PEGDA were fabricated by a photolithographic technique to extract ISF for 

colorimetric detection. This 13 x 13 MN sensor array (MN height: 600 µm) had the ability to 

extract ISF successfully for glucose detection. Solid polymeric-based MNs, have also been 

employed [146–148]. Wang et al employed solid polyvinyl alcohol (PVA)-based MNs capable 

of ISF extraction for the colorimetric detection of glucose in mice [147]. This 5 x 5 MN array 

had a length of 1500 µM and swelling-driven capillary flow allowed for the rapid extraction of 

ISF within 10 min of insertion, albeit slower than reported hollow MN extraction techniques 

[149,152].  

While many of these MNs allow for the extraction of ISF volume ranges of 1-10 µl 

which is a sufficient volume for reliable detection of biomarkers within the biofluid [60], 

disruption of the skin using MN sampling may elicit an immune response that drives the 
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composition of ISF away from homeostasis. Such a response may distort the concentrations of 

analytes of interest in the ISF thus giving unreliable quantification [153]. Furthermore, 

continuous extraction of ISF will cause dilution of biomarkers in the extraction fluid [60].  

Tattooing into the dermis of the skin using responsive inks has allowed the direct 

sensing of biomarkers in ISF and has recently emerged as alternative to extraction of ISF to 

the skin’s surface. Yetisen et al has been at the forefront of this tattoo sensor field and uses a 

conventional tattoo gun to inject both colorimetric (Fig 1.7 (a)) [154] and fluorescent (Fig 1.7 

(b)) sensing reagents into the dermis [123] capable of sensing biomarkers in ISF. In this work, 

the sensing chemistry formulation ink is dispensed onto the skin surface and a tattoo needle 

punctures the skin over this area. When the needle is removed, the resulting vacuum drives the 

ink into the skin. Penetration depth is critical as shallow injections rapidly fade whereas deeper 

penetration can damage the subcutaneous tissue. The group have shown that the density, 

position, depth and angle of the inks can be accurately controlled. Work by He et al. uses 

hyaluronic acid (HA)-based MN patch to deliver colorimetric sensing tattoo reagents into the 

skin via the dissolution of MN tips into the dermis for multiplexed detection of ISF pH, glucose, 

uric acid and also body temperature (Fig 1.7 (c-d)). This HA-MN patch supports the injection 

of multiple sensing reagents in a single insertion to the dermis whereas injection with a tattoo 

gun only facilitates insertion of one single sensing reagent at a time. Moreover, consistency 

and accuracy of the penetration depth of the dermal tattoo sensing inks is improved in 

comparison to injection with a tattoo gun [155]. Currently, these optical tattoo inks have only 

been assessed in ex vivo [123,154,156] and in vivo skin [155] however, further in vivo studies 

in animals and humans must be carried out to further understand immunogenicity and foreign 

body response to their insertion into skin.    

To date, minimally invasive techniques such as the use of MNs described above have 

been employed in the extraction of ISF for optical detection however there is opportunity there 

for the integration of less-invasive extraction techniques such as iontophoresis [108] and 

magnetohydrodynamics [135,136] to extract ISF in wearable optical sensors.  
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Figure 1.7. (a) Dermal tattoo for colorimetric metabolite detection in porcine skin [154], (b) 

dermal tattoo for fluorometric electrolyte detection in porcine skin [123], (c) dermal tattoo 

fabricated by MN patch [155] and (d) HA-based MNs before and after insertion into skin [155]. 

As previously outlined, sweat is a more accessible skin biofluid than ISF and its 

sampling allows us to move away from the invasive or minimally-invasive methods associated 

with ISF and also blood sampling. In order to achieve a reliable detection of sweat analytes, a 

sufficient volume of sweat must be generated for biochemical sensing through an increased 

sweat rate [157]. Due to the limitations of low secretion and high evaporation rates [158], many 

wearable optical sweat sensors have focused on using exercise [122,159–161] or thermal 

[162,163] stimulation to produce a sufficient volume of sweat for analysis. These methods 

allow a facile way generate the sufficient volume of sweat needed for biomarker analysis but 

also have their drawbacks. An increased sweat rate associated with prolonged exercise or 

thermal induction of perspiration can induce the dehydration and variation of electrolyte and 

(a) (b) 

(c) (d) 
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metabolite concentration in sweat, which is not ideal for diagnosis of disease but may be useful 

for athletes to assess hydration status during performance [164,165].  

Sampling thermoregulatory sweat, natural sweat generated while doing sedentary tasks, 

may offer a more promising method of assessing biomarkers in sweat without the need for the 

active stimulation methods outlined above. Elevated or inhibited sweat secretion rate at rest 

has been known to reflect underlying health conditions such as diabetes [166] and Parkinson’s 

disease [167]. In addition to this, cytokine levels in sweat are known to be biomarkers of an 

infection/inflammatory event and need to be measured in passively emitted sweat as sweat 

stimulation methods may lead to inaccurate cytokine levels influenced by local inflammation 

of the stimulated site rather than actual inflammatory response of infection [168]. Moreover, 

the lower sweat rate reduces the dilution of the biomarkers of interest in sweat which preserves 

equilibrium and gives more accurate correlations between blood and sweat. This highlights the 

potential of sampling thermoregulatory sweat which has been extracted and used for 

electrochemical sensing [168,169] and opens up possibilities for these mechanisms to be 

integrated with optical sensors which have not yet been realised 

Compared to sweat and ISF, volatile emissions are a more accessible skin matrix as 

volatiles are passively and continuously emitted, eliminating the need for generation or 

extraction of fluid. Optical sensors are typically placed in an enclosed headspace above the 

skin (approx. cm3 volumes) where volatiles are collected and biomarkers detected 

[91,124,170–172]. Headspace enclosure is required to exclude ambient volatile inferences 

from the surrounding environment. Yu et al [91] have developed a gradient-based colorimetric 

array sensor (GCAS) in both an offline (sensor imaged using a smartphone, ambient light not 

controlled) (Fig 1.8 (a)) and online (sensor imaged continuously throughout wear using a 

webcam, ambient light is controlled) (Fig 1.8 (b)) format which detects skin emissions such as 

acetone, ammonia and CO2. For the offline studies, where influences of ambient light were not 

controlled, the sensor was worn for 6 h enclosed in a small headspace defined by a petri-dish. 

The evolution to the online study allowed real-time imaging monitoring of skin-emitted 

acetone in a small gas chamber with dimensions of 14 x 14 x 1.3 mm. Toma et al [124] recently 

developed an interesting approach to collecting volatile emissions from the body using an over-

ear gas collection cell equipped with a biochemical gas sensor for the fluorescent detection of 

ethanol. Here, commercial earmuffs were modified to have an inlet which allowed filtered air 

(carrier gas) into the 151 mL headspace and an outlet which was used to collect sample volatile 

gas from the headspace ((Fig 1.8 (c)). Our group has also recently developed a wearable 
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colorimetric sensor platform comprising an enclosed headspace containing pH indicator dye 

sensor spots on cellulose. This planar device comprises a stainless steel woven mesh as spacer 

layer, cellulose layer comprising sensor spots and a transparent polyethylene terephthalate 

(PET) film (5 x 4 cm) covering the sensor spots to enclose the device (Fig 1.8 (d))  [172]. 

Another colorimetric sensing approach was employed to detect early onset of infection 

in wounds [173,174] through the detection of CO2 emissions from the wound bed. Again, an 

enclosed headspace was used to protect from possible ambient interferents and so these CO2 

sensors were incorporated into occlusive wound dressings (6 x 7 cm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. (a) “Offline” GCAS attached to the forearm for in-situ detection of transdermal 

gases with a transparent chamber on top to block possible ambient interferences, (b) “Online” 

GCAS for real-time monitoring of the emission of acetone from skin [91], (c) schematic of 

Toma et al’s external ears for detection of ethanol from skin gas [124] and (d) image of a 

wearable ammonia sensing platform worn on the forearm [172].  

 
1.5.2. Fabrication of optical sensors for wearable applications 

Following extraction of ISF, generation of sweat or passive emission of skin volatiles, 

the next challenge faced by wearable optical sensors is transport of the biofluid or volatiles to 

the optical sensing element within the platform. Materials of which the wearable sensing 

platform are fabricated from are also important with biocompatibility and conformability with 

skin being paramount. Some optical sensing platforms employ different materials for the 

(a) (b) 

(c) (d) 
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extraction/sampling and sensing elements and integration of these materials is required.  

Section 1.5.2.1 will discuss the materials commonly used for the fabrication of wearable optical 

sensor and how these materials facilitate guidance of the biofluid to the sensing element. 

Optical sensing chemistries, along with their encapsulation and integration or housing in 

wearable platforms with be discussed in section 1.5.2.2 and 1.5.2.3, along with the main 

challenges associated with the use of these chemistries.  

 

1.5.2.1. Fluid handling, materials consideration and integration  

The human epidermis is soft, curvilinear and deformable which means that substates 

used for wearable optical sensors must be thin, have high flexibility, stretchability and be able 

to conform to skin and its geometry. Substrates used require biocompatibility, need to be able 

to endure stress by daily human motion and moreover, must be comfortable to wear in order to 

minimise interferences with the wearer’s daily life [105,151]. Furthermore, these substrates 

must be able to collect the biofluids either from the dermis (ISF) or from the skin’s surface 

(sweat and volatiles) and guide them efficiently toward the optical sensing element for 

biomarker detection.  

As discussed above polymer-based solid and hollow MNs have been employed for the 

extraction of ISF from the dermis. Techniques such as photopolymerisation [149,175], 

crosslinking [146] and vacuum- or centrifugation-based mould casting [147] are typically 

employed in MN fabrication. Fabricated MNs are also responsible for the transport of ISF, 

through capillary action, from the dermis to the optical sensing element. For optical ISF 

biomarker detection, different materials have frequently been used for the fabrication of 

extracting/sampling MNs and the optical sensing element with PVA and paper-based materials 

typically being employed [146–149,175,176]. For example, an MeHA solid MN-array for ISF 

extraction through capillary action were fabricated through UV initiated crosslinking. A 

nitrocellulose membrane immobilised with different colorimetric sensing reagents was 

employed for biomarker detection in extracted ISF [146]. In order to integrate the sensing 

elements with the MNs, a thin layer of MeHA was applied to the sensing membrane before 

application to the MNs followed by drying and UV-crosslinking, to allow adhesion directly on 

top of the MN extraction material (Fig 1.9 (a)) which allowed transport of the ISF via capillary 

action from the MNs to the sensing elements. Similarly, Nicholas et al (Fig 1.9 (b)) used a 

hollow MN for ISF extraction and a cellulose-based sensing material immobilised with 
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colorimetric sensing dyes for ISF glucose detection. Again, capillary action allowed the 

extraction of ISF from the dermis through the MN to cellulose sensing material [149].  

Moving away from paper-based sensing material, Zhang et al’s wearable sensor for uric 

acid comprised two components, a PVA-MN array for ISF extraction and transport embedded 

with an enzyme for selective oxidation and a PVA sensing layer immobilised with colorimetric 

detection reagents for uric acid detection in ISF using a mould-fabrication technique (Fig 1.9 

(c)) [148]. Similarly, other studies have employed PVA-MN-arrays with a PVA-based sensing 

element immobilised with colorimetric detection reagents for ISF glucose sensing [147]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Schematics of (a) the integration of cellulose-based sensing material with a MN 

patch [146], (b) a single, hollow-MN integrated with a glucose cellulose-based glucose sensor 

[149], and (c) an immobilised PVA colorimetric uric acid sensor integrated with a PVA MN-

array [148]. 

In order to ensure continuous and robust sweat collection for analysis and routing to 

the optical sensing element, the sampler for a wearable sensor must establish and maintain a 

conformal, intimate interface with the epidermis. Flexible materials such as 

polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), PMMA and other hydrogel-

based materials such as PVA have been employed in wearable optical sweat sensors. Wearable 

optical sweat sensors frequently employ the use of soft, microfluidic architecture to capture 
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and transport generated sweat toward reservoirs that contain fluorometric or colorimetric 

sensors in-solution [159,162,164,177–179] or immobilised on paper substrates [179]. 

Rogers’ group has been at the forefront of the sweat-based optical transduction with 

their published devices being highly conformable with skin through innovations in the 

materials and geometries used. Their wearable devices are comprised of several layers 

including skin-compatible adhesives, microfluidic channels and valve structures that route 

extracted sweat to microreservoirs via capillary force, colorimetric or fluorometric reagents 

and sealing layers [117,139,162,164,177,178,180]. Capillary force-based sweat fluids, 

involves the movement of secreted sweat through a very thin channel where natural eccrine 

gland sweat pressure allows transportation of the sweat toward sensing reservoirs. Such designs 

allow the sensor platforms to have both on-board sampling and sensing capabilities. Sweat 

capture for on-board analysis is enabled by inlets present on the skin-interfaced surface of the 

sensor system. A serpentine channel, with thicknesses of  in width, routes extracted sweat 

toward reservoirs that contain optical sensing reagents either in-solution or immobilised on a 

paper substrate [181,182].  

Soft lithographic techniques are employed as a fabrication methods whereby PDMS, or 

other soft flexible materials such as PMMA are cast and cured against lithographically prepared 

moulds to yield solid elastomers with specific features on their surfaces for microfluidic 

channels, valves and reservoirs. A corona treatment process is typically employed to bond 

layers within the devices [117,139,162,164,177,178,180].  

Rogers’ group have recently commercialised the Gx Sweat Patch which is a wearable 

optical sweat that use PDMS microfluidic architecture, fabricated using soft-lithographic 

techniques, to guide generated sweat to the colorimetric sensing reservoirs for the detection of 

sweat loss, sweating rate and chloride concentrations in athletes (Fig 1.10 (a)) [84,183]. 

Microchannel diameter ranges from 4 – 7 mm with capability for collection of 30-130 µl of 

sweat. Sweat rate could be calculated from the rate at which the fluid travelled through the 

microchannel during on-field sports and was found to be ~1.99 mg/cm2/min [84]. While this 

Gx sweat patch is innovative it only offers single-one time use and then needs to be disposed 

of. This is mainly due to the irreversibility of the sensing chemistries used.  

The ever-growing concern of proper environmentally friendly waste management and 

the current capability of wearable optical sweat sensor to be single-use has led to the fabrication 

of environmentally degradable wearable microfluidic devices using thermoplastic copolymer 

elastomers (TPCs) such as APINAT BIO biodegradable compounds and cellulose-based top 
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sealing layers (Fig 1.10 (b)). Such TPCs offer the same skin conformable properties thus 

making them a viable alternative to PDMS based optical sweat sensors. A lithographic 

technique is again used to create a PDMS mould which is then used to create a TPC-based 

microfluidic device [177]. This device exploits the use of microchannels/microreservoirs and 

microvalves with depth of ~330 µm for movement of sweat toward sensing reservoirs and the 

middle serpentine channel also allows the monitoring of sweat rate and loss up to a total volume 

of ~20 µl.  

 

 

 

 

 

 

 

 

 
Figure 1.10. (a) Schematic of the microfluidic-based Gx Sweat Patch [183] and (b) schematic 

of an environmentally degradable microfluidic colorimetric sweat sensor [177]. 

Similar to ISF extraction and sensing substrates, owing to its biocompatibility, PVA-

based hydrogels, have been used to house wearable colorimetric sweat sensor chemistries thus 

obviating the need for microfluidic channels to guide sweat toward optical sensing elements. 

A self-healable hydrogel patch, with a thickness of 5 mm, was fabricated by cross-linking PVA 

and sucrose where the self-healable properties are attributed to the hydrogen bonds formed 

between the two compounds [161]. Patterned micropores (9 mm in diameter) were manually 

produced in these hydrogels using a puncher followed by solvent displacement to embed 

colorimetric detection elements for glucose, pH, chloride and calcium. Such methods of 

immobilisation inhibits leaching of the colorimetric dyes while also does not compromise the 

self-healable nature of the hydrogel. Following this, a colorimetric hydrogel was selected and 

filled into the pores of the main substrate platform. The self-healable nature of the hydrogel 

allowed a single layer wearable colorimetric hydrogel patch be formed. Moreover, this 

hydrogel can directly attach and conformally come into contact with skin and so obviates the 

need for any skin adhesive (Fig 1.11 (a))  [161].  

(b) (a) 
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Textiles have been used as wearable optical sweat sensor substrates. Chitosan-coated 

cotton patches [184], cotton-thread/paper based microfluidic devices [160,185,186] and Janus 

fabrics facilitate adequate sweat sampling while ensuring no backflow of colorimetric reagent 

toward the skin. Janus fabrics are fabricated by electrospinning hydrophobic polyurethane 

nanofiber arrays onto hydrophilic gauze. Colorimetric dye leaching can be an issue for 

wearable sensors. Janus fabrics can overcome this issue as they have asymmetric wettability, 

where sweat travels from the hydrophobic side close to skin to the hydrophilic area where the 

detection agents are present, thus allowing for unidirectional sweat collection. Xi et al. recently 

developed a Janus fabric-based wearable colorimetric sweat sensor capable of chloride, pH and 

urea content in sweat, with detection reagents being drop-cast on nitrocellulose filter 

membranes (Fig 1.11 (b)) [187].  

 

 

 

 

 

 

 

 

Figure 1.11. (a) A flexible, self-healable hydrogel patch for colorimetric sweat detection on 

skin [161] and (b) Smart Janus fabric-based colorimetric sensors for the detection of pH, 

chloride and urea in sweat [187].  

Wearable optical sensors developed for volatile biomarker detection from skin can be 

fabricated on flexible, reasonably thin substrates (to minimise mass transport effects) such as 

silica-gel thin layer chromatography (TLC) plates, cellulose TLC plates, cellulose filter and 

polytetrafluoroethylene membranes. As discussed above, Yu et al. developed a GCAS in both 

offline and online (wearable with continuous imaging) formats to detect acetone, ammonia and 

CO2. Here, silica gel TLC plates were cut into specific shapes using a laser cutter. For the 

offline sensor chip, the sensing chemistries in water/methanol solvent were drawn onto the 

TLC plate using a fountain pen or dropcast and vacuum dried. These sensors were covered 

with transparent scotch tape to protect sensing chemistries from ambient air and to enable easy 

imaging of the sensor. Polyethylene double-coated tape was used to adhere the offline sensor 

(Fig 1.8 (a)) to the skin while the online sensor was fixed in the wearable device and so did not 

(a) (b) 
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need direct adhesion to skin [91]. Ikeda et al developed an ammonia sensing wearable 

comprised of a watch-like device housing a planar ammonia sensor fabricated by drop-casting 

alizarin red dissolved in a glycerol/methanol on filter paper [171]. Similarly, our recently 

developed ammonia sensor also has such a planar format and is comprised of BCG dye 

encapsulated in an organically modified silicate (ormosil) sol-gel and drop-cast to an acetylated 

cellulose TLC plate. Arakawa et al developed a wearable sensor that could fluorometrically 

sense ethanol gas through an enzymatic reaction involving alcohol dehydrogenase (ADH). For 

this, ADH was immobilised on a commercially available hydrophilic form of 

polytetrafluoroethylene (H-PTFE) membrane using a polymer for entrapping the ADH which 

was synthesised in-house [124,170]. A bifurcated optical fibre probe, with one fibre for 

fluorescence detection surrounded by 35 fibres for ultraviolet excitation was also incorporated 

to enable continuous monitoring of ethanol over a 20 minute time period.  

 

1.5.2.2. Optical sensing chemistry formulations and encapsulation  

Many of the sensing chemistries employed in wearable optical biosensors for ISF, 

sweat and volatile emission from skin are simple pH indicator dyes, enzymes together with 

colorimetric substrates as well as intrinsic and extrinsic fluorescent dyes. Such dyes have been 

used to detect biomarkers in the different skin matrices including pH, potassium, chloride, 

sodium, lactate, glucose, uric acid, acetone, ammonia, ethanol, zinc, vitamin C, calcium and 

CO2.  

Both intrinsic and extrinsic fluorescent dyes have been used to sense biomarkers such 

as pH, sodium, potassium, chloride, zinc and ethanol. The normal physiological range for ISF 

pH is quite narrow, between 6.6-7.6 [188]. Reduced or increased ISF pH values can lead to 

metabolic acidosis or alkalosis, respectively. An intrinsic fluorophore, seminaphtorhodafluor, 

was used to measure ISF pH and has a pKa of 7.5 and can sense pH changes between pH 7 and 

8 which exhibit as pH-dependent emission shift from yellow/orange fluorescence under acidic 

conditions and deep red fluorescence under basic conditions. Selectivity of 

seminaphtorhodafluor dissolved in DI water for H+ ions was examined and results showed the 

emission intensity level was high in response to H+ ions compared to other ions. Responses 

were also noted for Zn2+ however, such ions are known to be in a concentration lower than 1 

mM compared to H+ ions in ISF which are present in the µM range [189]. Other intrinsic 

fluorophores used include lucigenin for the detection of chloride in sweat and a fluorometric 

probe to sense zinc in sweat [122]. Normal physiological chloride sweat concentration ranges 
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from 20-60 mM [190] and here, the fluorescent intensity of lucigenin in response to 5-100 mM 

concentrations of chloride in an artificial sweat mix. High selectivity of the lucigenin sensor 

for chloride was demonstrated through exposure to a complex artificial sweat mix.  Recently, 

a naturally intrinsic fluorescent probe, nicotinamide adenine dinucleotide (NADH), which 

emits fluorescence at 490 nm [124,170], was used to sense volatile ethanol emission from the 

ear using an over-ear gas collection cell and a gas-phase biosensor and showed the ability to 

sense within a wide dynamic range of 26 ppb-554 ppm which spans the typical physiological 

emission of ethanol after consuming alcohol which is ~148 ppb. An enzymatic reaction was 

employed where alcohol dehydrogenase (ADH) was used to catalyse the oxidation of ethanol 

to produce acetaldehyde while simultaneously an oxidized form of β-nicotinamide adenine 

dinucleotide (NAD+), accepts the electron to become reduced (NADH), exhibiting 

autofluorescence, proportional to ethanol emission. This solution-based NADH intrinsic 

fluorescent probe showed high selectivity for ethanol compared to other VOCs that are released 

from skin such as acetone and acetaldehyde.  

Extrinsic fluorescent probes in wearable sensors to date are more limited, however 

recent work shows their use within novel tattoo inks injected into the dermis for ISF sensing. 

Functionalised crown ethers are sensitive to monovalent electrolytes such as sodium and 

potassium and have been used for the detection of sodium and potassium in ISF [123]. Two 

fluorescein derivatives were linked to a crown ether to form a fluorescent diaza-15-crown-5 

ether (cavity size:0.17-0.22 nm), capable of sodium detection within a physiological relevant 

range (132-142 mM). A high binding affinity of the sensor was observed for sodium compared 

to other ions commonly present in ISF such as Fe2+ and Fe3+. Varying pH, however, modulated 

the emission, and therefore required measurement before processing the sensors response. For 

potassium sensing, two benzofuran isophthalate fluorophores connected to a diaza 18-crown-6 

ether, which has a cavity size of 0.26-0.32 nm were used to bind potassium within a 

physiological relevant range from 2-6 mM. Similar to the sodium probe, other ions commonly 

present in ISF did not show any interference with potassium affinity, however, pH again 

showed interference.   

Another extrinsic fluorescent probe for sodium sensing within a physiological relevant range 

(20-60 mM) [190], this time in sweat, is CoroNa green, comprised of fluorescein molecule 

linked to a crown ether with a specific cavity size that confers selectivity for the sodium ion.  
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Table 1.1. Structures of fluorescent dyes applied in wearable sensors. 

 
 

Simple Brønsted acid/base dyes have also been employed for the detection of various 

biomarkers in skin biofluids and volatile emissions such as pH [146,154,172], calcium [191], 

ammonia [91,171,172], acetone [91] and CO2 [91,192]. Brønsted acids or bases are pH 

dependent with protonation or deprotonation occurring as the pH environment changes, 

resulting in a change in the UV-Vis absorption spectra. A wide range of synthetically made 

organic chromophores have been used in wearable sensors including azo dyes, 

triphenylmethane dyes, phthalein and sulfophthalein dyes. For instance, the triphenylmethane 

dye, BCG has been used for pH sensing in ISF both in vitro in an artificial ISF solution and in 

vivo in mice, where BCG was dissolved in de-ionised water (DI) followed by drop-casting on 

Seminaphthorhodafluor 
[123]  
 

 

Lucigenin [122] 
 

 

CoroNa Green [122] 
 

 

Fluorescent diaza-15-crown-5 ether [123] 
 

 
 

Fluorescent diaza-18-crown-6 ether [123] 
 

 

Reduced nicotinamide adenine dinucleotide [124,170] 
 

 

O

OH

C
O

O

N

N

N

NO3-

NO3-

O

N
O

O O

OH3COCH2C

O

FF

HO O

ON N

O O

RR

R=
O

Cl
COO-

CO H
N

OCH3

H3CO

-O

Cl
N

O O

O N O

R

R

R=

O

H3COC

C

C O
O-

O
O-

HO

N
O

OH

N

N

O
P

H2N

N

O

O

OH

P
O

O

OH

O

HO

N

OH

H2N
O



 39 

a nitrocellulose membrane [146]. ISF pH values from 5 to 8 can be sensed using BCG which 

spans the normal physiological pH range of ISF. Other groups have employed the use of a 

cocktail of azo-, sulfophthalein- and phthalein-based dyes dissolved in a DMSO/water solution 

for ISF pH sensing. Dye solutions were loaded onto a MN array and injected into the dermis 

via the MNs for ISF pH sensing with response being tracked in vitro artificial ISF solutions 

and also in vivo in rabbits using smartphone imaging and extraction of hue values to track 

colour changes of the dermis-entrapped dyes [136]. Yetisen et al also prepared a dye cocktail 

for the pH sensing of ISF for injection in the dermis using a tattoo gun. The formulation 

comprised chromogenic dyes dissolved in DI water [154]. 3',3'',5',5''-tetrachlorophenol-

3,4,5,6-tetrabromosulfophthalein, a sulfophthalein-based dye was also employed to sense 

albumin. This albumin sensor was based on protein error of pH where functional groups form 

associates with the sulfophthalein-based dye and induce protonation or deprotonation in a 

colour shift from yellow to green [154,193]. Natural pH indicators such as anthocyanin, 

dissolved in water have also been used to monitor the pH of sweat [177] within the 

physiological range of 4.6-6.6 [194]. Although innovative, the use of these natural indictors is 

at an early stage but shows promise to move away from pH assays that use non-biocompatible 

reagents [139]. 

Triphenylmethane and sulfophthalein dyes have also been used in sensing of volatile 

emissions from the skin. For example, BCG encapsulated in an ormosil sol-gel as a sensor spot 

on acetylated cellulose substrate was employed for the determination of skin surface pH via 

the volatile ammonia emission from skin with a limit of detection (LOD) of 0.092 mg [172]. 

Sol-gel encapsulation promoted hydrophobicity which limited leaching of the dye and also 

limited the effects of humidity and sweating from the skin [195], a common challenge faced 

by wearable optical sensors for sensing skin volatiles in particular [91,170–172]. Another 

triphenylmethane dye, bromophenol blue [91] has also been used to sense the volatile ammonia 

emission from skin in a GCAS format. Similarly, alizarin red, an electroactive anthraquinone 

dye was used to sense volatile ammonia emission. This dye was dissolved in glycerol/methanol 

and drop-cast to cellulose filter paper. Similar to the ormosil sol-gel, owing to glycerol’s 

hygroscopic properties, the glycerol/methanol solution was used to attempt to moderate any 

variation in humidity and sweating that might occur [171]. Acetone sensing has also been 

demonstrated in wearables using a hydroxylamine sulphate and thymol blue, a sulfophthalein 

dye, as a drop-cast film on a silica TLC plate. Acetone selectively reacts with hydroxylamine 

sulphate and the protons produced cause a colour change from yellow to pink in thymol blue. 
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In the same study, cresol purple was used for CO2 sensing whereby interaction with CO2 drives 

a change in the pH of the sensing environment giving rise to a colour change [91,196]. This 

study dissolved these dyes in water/methanol and water/ethanol which do not promote 

hydrophobicity. However a humidity sensor, cobalt chloride hexahydrate, was included on the 

array and is used to correct  for the humidity effect and also used to detect skin hydration and 

perspiration [91]. This sensor shows that the humidity level in the headspace of the sensors 

above the skin becomes saturated and constant after being placed on the skin for 6 h. While 

sweating was not observed in this study due to the controlled laboratory environment, including 

controlled temperature and humidity, sweat is an issue for volatile analyte detection in real-

world wear where these parameters cannot be controlled and so may interfere with sensor 

response. Response time is another challenge faced by wearable colorimetric sensors for 

sensing volatile emission mainly due to low concentrations (ppb) being emitted from skin [89].  

Many colorimetric sensors require wear-times of up to 2 h to observe interaction between the 

analyte of interest and the sensor [91,172]. Further work needs to be carried out in order to 

increase sensitivity of these volatile sensors to reduce wear-time before they can become 

practically viable.  

Chloride sensing in ISF and sweat using wearable optical sensors has been 

demonstrated and in one example has involved the use of silver chloranilate which complexes 

with chloride ions to generate a distinct purple colour [197]. The commercially available Gx 

Sweat Patch also uses silver chloranilate dye for the real-time monitoring of sweat Cl- [84]. 

Silver chloranilate has also been employed in another microfluidic-based wearable for cystic 

fibrosis diagnosis based on sweat chloride concentration [197] where concentrations below 20 

mM represent normal physiological concentration of chloride in sweat. Other detection 

mechanisms for chloride including the competitive binding of Hg2+ and Fe2+ with 2,4,6-tris(2-

pyridyl)-s-triazine (TPTZ) where in the presence of chloride ions, Fe2+ binds with TPTZ and 

Hg2+ precipitates out and gives a colour change from transparent to blue [178,191].  
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Table 1.2. Structures of colorimetric dyes typically employed in wearable colorimetric 

sensors. 

Bromocresol green 
[52,146,172,191,198] 
 
 

Bromophenol blue 
[91,185,198] 

 
 

Methyl red [155] 
 

Phenolphthalein [155] 
 

Anthocyanin [177] 

 

Alizarin Red [171] 
 

 

Cresol purple [91]  

 

Thymol blue [91,155] 
 

 

TPTZ [178,191] 

 

Many wearable optical sensors employ bio-catalysed reaction systems whereby an 

enzyme is used to catalyse a reaction which typically produces hydrogen peroxide (H2O2) 

which is then reduced using a peroxidase such as horseradish peroxidase (HRP) or more 

recently, via conducting polymer materials (polypyrrole nanoparticles) [148]. This redox 

product can then be optically detected through the use of colorimetric or fluorescent dyes which 

can be immobilised onto substrates or housed in reservoirs in bulk solution, such as TMB 

[147,149,154], 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)[146], o-

phenylenediamine (OPD) [146] and diazoaminobenzene (DAB). Dual enzyme sensing 

mechanisms have typically been used to detect glucose in both ISF [146,148,149,154,155] and 

sweat [159,161,178] in wearables. Glucose is oxidised by glucose oxidase to produce gluconic 
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acid and hydrogen peroxide and HRP is used to catalyse a reaction between H2O2 and a 

chromogen/fluorogen to give a visible colorimetric/fluorometric change. Many researchers 

[147,149,154] have utilised this dual enzyme based mechanism to detect glucose in ISF using 

TMB. TMB acts here as a hydrogen donor for the reduction of H2O2 to water by HRP. Koh et 

al used iodide (yellow) which is oxidized to iodine (brown) to detect the concentration of 

glucose in sweat following the oxidation of glucose to H2O2 by glucose oxidase, however this 

system has low sensitivity for low concentrations of glucose in sweat which could be associated 

with the reducing property of I- which is easily oxidized when exposed to oxygen. A GOx-

HRP-o-dianisidine system was employed by Xiao et al in order to detect glucose in sweat [159]. 

o-dianisidine is a redox indicator dye which is pH independent meaning changes in the sensing 

environments pH will not affect its response (Fig 1.12)). The o-dianisidine system allowed for 

detection of sweat glucose at concentrations below 0.1 mM. Similar dual sensing mechanisms 

have been employed for the sensing of lactate [146,160], uric acid [148,155] and cholesterol 

[146] using lactate oxidase, cholesterol oxidase and uricase, respectively. While enzymatic-

based colorimetric sensors are frequently used in wearables, there are challenges including 

denaturation of enzymes during storage or long-term use and high sensitivity toward variations 

in pH and temperature. Some studies have employed mechanisms such as the biomineralization 

of HRP with a calcium phosphate shell to add a pH responsive feature which improves 

sensitivity and selectivity of the sensor [147].  

 
Figure 1.12. Schematic of Xiao et al’s GOD-HRP-o-dianisidine system [159], which is typical 

of many dual enzyme sensing mechanisms employed in wearable optical sensors.  

 
1.5.2.3. Integration of sensor chemistry into sensor platform 

An important element of a wearable optical sensor is the integration of the sensing 

chemistry within the sensor platform. Typically, for biofluids such as ISF and sweat a wearable 
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optical sensor is comprised of a sampler that guides the biofluid toward an optical sensor 

capable of transducing a response to an analyte.  

For ISF, MNs which are inserted into the dermis of the skin to extract ISF via capillary 

action are frequently employed as a sampler [146,147]. Extracted ISF is then transported 

through the MNs to the sensing material, which is typically paper or PVA-based and is 

immobilised with a colorimetric sensing reagent (Fig 1.9) [146,147,149]. Recently, dermal 

tattoo sensing mechanisms have also been employed where fluorometric or colorimetric dyes 

were injected directly into the dermis for ISF sensing using a tattoo gun [123,154,156] or MN 

arrays [155]. By injecting the sensing dye directly into the dermis it eliminates the need for 

extraction of ISF from the skin, thus simplifying the optical sensing process.  

As discussed above, wearable optical sweat sensors frequently employ the use of soft, 

microfluidic architecture to capture and transport generated sweat toward reservoirs that 

contain fluorometric or colorimetric sensors in-solution [159,162,164,177–179] or 

immobilised on paper substrates [179] (Fig 1.10). Valving within microchannels  been 

employed within these microfluidic sweat sensors in order to allow for time-sequenced analysis 

and to reduce assay-assay cross contamination in sensors with more than one sensing assay 

[181]. While bio-fouling from the skin or environmental contaminants poses a potential issue 

for these microfluidic-based optical sweat sensing platforms, their multi-layer construction and 

encapsulations of sensing dyes within these layers limit such a problem (Fig 1.10) [181]. 

Microfluidic thread/paper-based optical sensor have also been used to quantitatively monitor 

sweat glucose for example [160,185,186]. Here, plasma-treated hydrophilic cotton was used as 

a microchannel to transport generated sweat toward a paper-based colorimetric sensor to detect 

glucose through an enzymatic reaction discussed in section 1.5.2.1. 

Other groups have moved away from microfluidic channels and have employed the use 

of other materials such as hydrogels [161,199,200] and Janus fabrics/paper-based platforms 

[187] to sample and sense biomarker in sweat from skin. Hydrogels have great hygroscopicity 

and can absorb sweat present on the skin’s surface [201]. Colorimetric dyes are embedded with 

the hydrogel through solvent displacement thus obviating the need for microfluidic channels to 

route the sweat to particular reservoirs (Fig 1.11 (a)) [161]. Janus fabrics allow sweat sampling 

with no backflow as discussed in section 1.5.2.1. This allows the transfer of sweat to paper 

sensors where colorimetric sensing dyes are drop-cast on nitrocellulose membranes that have 

been attached to the surface of the Janus fabric using adhesive tape.  
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Sensing chemistries typically used for sensing volatile emissions from skin are 

frequently dissolved in DI water or other solutions that promote hydrophobicity such as sol-

gels or glycerol/methanol solutions. Such solutions are then drop-cast on  paper-based 

substrates such as silica or cellulose TLC plates [91,171,172]. The nature of volatile emissions 

from skin obviates the need MN extraction of microfluidic manipulation associated with ISF 

and sweat.   

As volatile emissions are passively, continuously emitted from skin and optical volatile 

sensors typically incorporate a chamber which allows volatiles to accumulate and reach the 

sensor (Fig 1.8). One of the main challenges associated with volatile emission is their trace 

emission from skin thus accumulation in the sensor headspace is required for effective sensing. 

Typically, preconcentration of volatile emissions is employed during sampling prior to 

analysis, however this has proved challenging in the optical volatile sensing space. GCAS was 

developed in an attempt to overcome this. Porous GCAS sensing channels serve as a 

preconcentrating column to accumulate volatile emission over time. Here, transdermal volatile 

biomarkers diffuse into each gradient channel from the opening, causing localised colour 

development thus improving the sensitivity of the sensor (Fig 1.13) [91].  

 
Figure 1.13. Schematic illustrating how volatile emissions enter and diffuse through the GCAS 

sensing channels and how different emission rates cause different localised colour development 

[91]. 

 

1.5.3. Transduction in optical wearable sensors 

1.5.3.1. Imaging  

Taking advantage of the rapid development in digital imaging technology, many 

methods  have been employed for the imaging of wearable optical sensors including the use of 

flatbed scanners, digital cameras and smartphone cameras. The imaging method should provide 

high resolution images that can be analysed easily. One of the main challenges to overcome is 

changes in lighting during imaging which distort colour and hence analytical responses. 

Imaging of wearable fluorometric sensor spots requires excitation and emission filters to allow 

a standard camera/smartphone take fluorescence images, which adds complexity but has been 
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demonstrated [122,123]. Flatbed scanners allow for high resolution images with constant 

illumination to be obtained and eliminates ambient light. Our group have employed a scanner 

to obtain images of colorimetric sensor spots before and after wearing for measuring ammonia 

fluxes from skin [52,172]. Other studies have also employed scanners to image colour changes 

for transdermal ISF glucose sensing MN patch [147]. However, this scanner-based imaging 

modality is offline and does not offer continuous, real-time imaging. Currently, we are striving 

toward the development of a wearable device, that will incorporate an ESP-Wi-Fi enabled 

camera, capable of real-time imaging while on skin which will further enhance the sensors 

deployability and potential use.  

Continuous, real-time imaging of sensor response throughout wear on the skin is highly 

desirable, with some studies having realised this using smartphone cameras. For example, 

wearable fluorescent sensors have been imaged using smartphones and portable readout 

devices [122,123], which block out ambient light to minimise photobleaching and are 

comprised of an excitation light source for excitation of the fluorescent dye coupled with 

bandpass emission filters that allow specific wavelength bands of interest to pass while 

blocking others. For example, Jiang et al’s fluorescent dermal tattoo biosensors sense pH, Na+ 

and K+ ions in ISF [123], using a smartphone coupled with a portable readout device employing 

LEDs with specific excitation wavelengths and bandpass optical filters to allow for continuous, 

real-time imaging. For pH sensing, an LED with a wavelength of 505 nm for excitation coupled 

with a bandpass filter with a centre wavelength of 580 nm was fitted into a dark-light-shielded 

box and a smartphone was used to capture images of the fluorescent sensor. Sekine et al used 

a similar imaging modality to obtain images of their fluorescent sensors to detect sweat 

chloride, sodium and zinc. A smartphone fitted with an optical module consisted of excitation 

LED and excitation filters (excitation wavelength range = 400-530 nm) and emission filters 

fitted within a dark box was worn on skin to obtain fluorescence images [122].  

 

 

(a) 
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Figure 1.14. (a) Jiang et al.’s portable readout device in combination with a smartphone for 

obtaining fluorescence images [123] and (b) Sekine et al’s smartphone fitted optical module 

consisting of excitation and emission filters [122].   

Many of the colorimetric sensors for ISF, sweat and volatile emission from skin utilise 

digital cameras [171] or smartphone cameras in order to take continuous, real-time images 

[187]. He et al used a smartphone camera to take images of the colorimetric reagents present 

in the dermis of the dermis of the skin for further semi-qualitative analysis after insertion using 

their microneedle patch [155]. You et al also used a smartphone to obtain images of the glucose 

paper sensor on their MN/paper based glucose sensor after insertion into the skin of mice [175]. 

Again, a smartphone was used to capture images every few minutes of Liu et al’s soft, 

degradable microfluidic device capable of sensing pH and chloride concentration in sweat 

[177]. The now commercially available Gx Sweat Patch also employs a smartphone to image 

the sensor for real-time assessment of total sweat loss and chloride concentration in sweat 

[183]. In terms of sensing the volatile emission from skin, Yu et al have developed both 

“offline” and “online” imaging modalities for the detection of transdermal gases from skin. The 

“offline” method (Fig 1.8 (a)) employs the use of a smartphone to image the acetone, ammonia 

and CO2 sensor. This “offline” method of imaging can be sensitive to changes in light 

conditions and so an “online” imaging device (Fig 1.8 (b)) was devised where the sensor 

chamber was fitted with a white LED in order to illuminate the GCAS sensor chip and webcam 

to allow for continuous, real-time imaging of the GCAS [91].  

 

1.5.3.2. Image analysis techniques  

While optical sensor responses at visible wavelengths can be clearly distinguished by 

the naked eye, there are many deficiencies with this technique including poor ambient light and 

person-to-person perceptual differences. Therefore, following the acquisition of images of 

optical sensors after exposure to skin, it is paramount that a suitable image analysis techniques 

are used to ensure robust and reproducible quantification of sensor response. To do so a visible 

(b) 
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colour space, which is an abstract mathematical representation that defines the spectrum of 

colours that can be perceived by the human eye, can be used. Software such as ImageJ, Python 

and MATLAB are commonly used [125]. Moreover, bespoke smartphone apps, with custom-

written algorithms for the analysis of specific optical sensors have been developed [123,178], 

e.g. for the Gx Sweat Patch [84,183].  

For image analysis, the red, green and blue (RGB) colour scheme is the most widely 

used. A tuple is used to represent each distinct colour in RGB models, which are additive 

tristimulus systems. More specifically, the RGB colour space is made up of three colours: red, 

green, and blue. You et al obtained an image of their ISF glucose sensor before and after 

exposure to ISF and analysed the images in Python [175]. Here, RGB values were determined 

before and after exposure and the response was quantified in terms of a change in colour 

intensity between the before and after images. Many other studies analysing biomarkers in ISF 

have employed the use of imaging processing software such as ImageJ to extract the RGB 

values from their sensor response images [146,149]. Xi et al also recorded images of their smart 

Janus fabric sensors capable of detecting pH, chloride and urea in sweat using a smartphone 

and employed an open-source analytical app to extract the RGB colours from each image. 

Percentage of each colour channel was then calculated and this was used to quantify the 

response from the sensors [187]. Wang et al also analysed RGB values of their hydrogel-based 

sweat patch using a commercially available smartphone application called Colour Recogniser. 

Similar to Xi et al, the percentage R, G and B values were calculated and standard calibration 

curves were constructed here for physiological concentrations of sweat pH, glucose, chloride 

and calcium and were used as references for specific responses observed when worn on skin 

[161]. Our group have also employed the RGB colour space for the analysis of our volatile skin 

surface pH/ammonia sensor. Absolute R, G and B values were measured before and after 

sensor exposure to the skin. The sensor spot response was then quantified using the colour 

distance measurement Euclidean Distance (ED) [172].  

Other studies employ different colour spaces such as HSB and L*a*b*. The hue 

component of the HSB colour space is frequently employed and is commonly used for bitonal 

transitions and is robust against small changes in lighting which can affect image analysis 

[125]. He et al employed the use of hue for the analysis of colour changes in their dermal tattoo 

biosensors which senses glucose, uric acid, pH and temperature in ISF [155].  

In 1976, the international commission on illumination (CIE) converted the RGB colour 

model to a new model that better captures the numerical relationship between wavelengths and 
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the human physiological reaction to observed colour or colour changes. This new colour space, 

called L*a*b*, is now regarded as the most accurate representation of human colour 

perception. L*a*b* divides the image into a single luminescence channel and two colour 

difference channels, where L defines the whiteness of blackness of a pixel and A and B are 

colour difference channels that specify the chrominance of each pixel [125]. Many wearable 

optical sensors have employed the use of L*a*b* to analyse sensor response. Most recently, 

Liu et al employed L*a*b* to quantify the sensor response from their sweat pH and chloride 

sensor [177]. In comparison to the RGB colour space, the L*a*b* colour model provides 

enhanced reliability in real-word scenarios where lighting intensity cannot be well controlled. 

In contrast to other studies where only the chromatic colours, a* and b* were only assessed 

[197], here, the pure white background of the sensor serves as a reference background to 

account for the effect of overall lightness (L*) which can affect colour associated with different 

biomarkers. Similar to our study, a distance measurement allowed capturing of the change in 

both the chromatic colours and lightness. Moreover, the use of L*a*b* can also allow for 

device-independent analysis [197]. Ikeda et al also used the L*a*b* colour model for 

quantification of sensor spot response on their volatile ammonia sensor [171]. This colorimetric 

sensor changes from yellow to red upon interaction with ammonia emission from skin and here, 

L*a*b* values of uncoloured (yellow) and coloured (red) parts of the sensor were obtained 

using a ColorMeter RGB colorimeter as the analysis software. Again, a distance measurement 

was employed to quantify the change between before and after exposure to ammonia. A pre-

calculated calibration curve was also constructed here and assists with the calculation of 

ammonia emission flux from the skin, similar to Wang et al’s hydrogel-based sweat sensor 

study.  

Much of the research in this field employs the use of a calibration curve in order to be 

able to accurately compare and quantify sensor response after wear on the body. Typically, for 

sweat analysis the sensor is exposed to artificial sweat comprised of differing concentrations 

of biomarkers of interest and the response quantified and constructed as a calibration curve. 

For volatile optical sensors, the sensor is exposed to a headspace of known volume with a 

known concentration of the analyte present, the response is quantified and a calibration curve 

constructed [171,172].  

In order to further improve interferences from changes in ambient lighting and further 

improve accurate analysis of responses, many studies have employed the use of integrated 

references into the optical sensor platform. For example, Sekine et al integrated a stable 
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fluorescence dye reference, rhodamine chloride, which has an excitation wavelength close the 

fluoroprobes used, into their fluorescent, microfluidic sweat chloride, sodium and zinc 

detection platform. Here, the fluorescent intensity of each reservoir was analysed using ImageJ 

software and was then normalised by the intensity of the reference probe (Fig 1.15 (a)) [122]. 

Kim et al also integrated colour reference markers on their microfluidic device for nutrient 

detection in sweat which further reduce the interferences from ambient light. These colour 

reference markers were constructed by exposing the sensors to standard nutrients and artificial 

sweat solutions, imaging the sensors and then laser-printing the reference markers on polyester 

adhesive films (Fig 1.15 (b)) [162]. Similarly, Yu et al incorporates black marker lines onto 

their GCAS for volatile sensing of transdermal gases. The black marker again is employed in 

order to compensate any variation that can arise due to variable lighting conditions when taking 

an image with a smartphone (Fig 1.15 (c)) [91].  

 

 

 

 

 

 

 
 
 
 
 

 
 

 

 

 

Figure 1.15. (a) Fluorescent sensor showing the fluorescent signal associated with chloride, 

sodium, zinc probes along with a rhodamine chloride reference [122], (b) schematic showing 

the different components of a miniaturized sweat microfluidic device with colour reference 

markers [162] and (c) CGAS with printed marker lines for improving image analysis [91].  
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1.6.  Conclusion  

With the skin being the largest organ of the body, it has great biodiagnostic potential. Skin 

matrices such as ISF, sweat and the volatile emission can potentially give insight into 

subcutaneous and systemic biochemistry. These matrices offer an alternative, less invasive 

means of monitoring human health and well-being compared to the traditional methods such 

as biopsies and intravenous blood sampling. Accessibility of such matrices have given rise to 

the development and fabrication of many wearable sensors capable of detecting and monitoring 

biomarkers in skin matrices. Sensors capable of optical transduction through fluorometric or 

colorimetric sensing have recently gained traction as an alternative to wearable sensors that 

utilise electrochemical transduction. ISF optical sensing typically employ the use of MNs and 

capillary force to extract ISF followed by sensing using a paper or PVA detection layer 

immobilised with various sensing chemistries. Tattoo sensing mechanisms whereby the 

sensing chemistry is directly injected into the dermis have also emerged as an innovative 

method for biomarker detection in ISF, however are at an early stage. Fluorometric and 

colorimetric-based sensors have also frequently been employed for the detection of biomarkers 

in sweat, typically using microfluidic architecture to guide sweat toward the sensing 

chemistries with the Gx Sweat Patch being the first of its kind to be commercialised. Volatile 

emission from skin has recently gained traction in the scientific community due to its ability to 

be passively sampled unlike ISF which needs to be extracted and sweat which needs to be 

generated, typically through exercise. Development of optical sensor for the detection of 

biomarkers in this volatile emission have been limited with ammonia, acetone and ethanol 

sensors recently been demonstrated. Sampling time and sensitivity are the main challenges 

facing wearable optical volatile sensors owing to the trace quantities of volatiles emitted from 

skin and enhanced sensitivity is required in order to reduce wear-time.  

Overall, great strides have recently been made in the biofluids and volatile emission 

wearable optical sensor field recently, however, there are still many challenges that need to be 

met in order to develop robust, reliable wearables that can be easily extract or sample and 

reliably sense biomarkers in ISF, sweat and volatile emission. Despite these challenges, there 

is still great potential for the use of wearable optical sensors for personalised monitoring of 

general health and self-management of chronic diseases associated with biomarkers in ISF, 

sweat and volatile emission.  
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The main aim of this work is to overcome the specific requirement for biofluid 

collection and manipulation outlined here in Chapter 1 by investigating the volatile emission 

from skin, a matrix that is passively and continuously emitted from skin and which contains 

biomarkers of metabolic and cellular processes within the body. The work seeks to establish 

the volatile profile for healthy skin using a headspace solid-phase microextraction (HS-SPME) 

gas-chromatography (GC-MS) workflow to better understand factors that impact the emission 

including circadian rhythm, skin sampling site, gender and age. Assessment of the ability of 

frequently emitted skin-derived compounds to impact host cells’ signalling pathways was also 

assessed in cell culture. Finally, a move toward the use of a simple, cost-effective, wearable 

colorimetric sensor platform to monitor volatile emissions from skin was also explored. The 

feasibility of measuring skin surface pH, via the volatile ammonia emission from skin using 

this wearable colorimetric sensor was investigated and offers great potential for easy 

personalised monitoring of general health.  

Chapter 2 reports the use of a non-invasive, HS-SPME GC-MS workflow to initially 

characterise the skin volatile emission from the volar forearm of a single healthy participant. 

Following identification of a variety of compound classes emanating from human skin, 

including frequently reported compounds,  origins of each of the compounds recovered were 

discussed. Diurnal- and site-associated changes in the human skin volatilome were then 

investigated. Other parameters associated with skin including skin surface pH and tissue 

dielectric constant (TDC) were also assessed for diurnal and skin site differences and their 

correlation with the skin volatile profile. Results confirm significant diurnal- and site-associated 

changes in the skin volatile emission as well significant as differences in skin surface pH and 

TDC across different skin sites, while diurnal variation was only observed for skin surface pH 

but not TDC. All experimental elements of this chapter were carried out by the candidate.  

Chapter 3 involves the characterization of the skin volatile emissions from the volar 

forearm of a large healthy participant cohort (n=60) comprised of male and female participants 

ranging in age from 18-80 years old, again, employing the same HS-SPME GC-MS workflow 

as in Chapter 2.  A wide variety of compounds classes were again detected with variability in 

recovery and abundance observed. Gender and age associated changes in the skin volatile 

emission from the volar was assessed across the participant cohort. Results confirm significant 

gender influences on the skin volatile emission indicating that male and female data should be 

treated individually when investigating age-related changes in the skin volatile emission. 

Statistical analysis of the volatile profile with age showed that there were compound 
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abundances that significantly changed with age (acetic acid, hexanal, nonanal, undecanal, 

benzyl alcohol and 2-ethyl-1-hexanol). Age-related changes in skin surface pH and TDC were 

also observed. All experimental elements of this chapter were carried out by the candidate. 

Chapter 4 aims to understand the impact of skin-derived compounds on host skin cells’ 

signalling pathway, specifically the Nrf2-Keap1 cellular defence mechanism. Chapter 2 and 3 

showed that nonanal, decanal and 6-methyl-5-hepten-2-one are frequently recovered from the 

headspace of skin. The ability of these compounds to trigger activation of the Nrf2-pathway in 

primary human keratinocytes was investigated showing that the aldehydes, nonanal and 

decanal activate translocation of the Nrf2 protein to the nucleus to afford protection against 

oxidative stress whereas the ketone, and 6-methyl-5-hepten-2-one does not elicit activation. 

Elucidation of the mechanism by which the Nrf2-Keap1 pathway was triggered was also 

investigated and reactive oxygen species (ROS) generation was shown to increase when cells 

were treated with nonanal and decanal but not 6-methyl-5-hepten-2-one indicating indirect 

activation of the mechanism. A proof of concept study also showed an increase in ROS 

production when cells were exposed to varying concentrations of nonanal in gas phase. To the 

best of our knowledge, this is the first study that investigates the effect of treatment of cells 

with nonanal in the volatile phase and hypothesises that nonanal in gas phase produced by the 

skin may induce ROS generation in cells and neighbouring cells which in turn may lead to the 

activation of the Nrf2-Keap1 pathway through indirect activation. All experimental elements 

of this chapter were carried out by the candidate. 

Chapter 5 investigates the use of a simple wearable colorimetric sensing platform 

incorporating sensor spots comprising encapsulated bromocresol green pH indicator dye in an 

enclosed headspace above the skin. The sensor spots change from yellow to blue as a response 

to basic volatile nitrogen compounds such as ammonia and volatile amines being emitted from 

skin. By deploying this wearable in a healthy participant study, a strong correlation between 

sensor Euclidean Distance (ED) response and skin surface pH was demonstrated, despite a high 

inter-individual variability being noted. Sensor response was observed to be highly dependent 

on gender as well as body site, and attributed to factors such as gland and microbial 

composition differences. Finally, skin surface pH and wearable sensor responses were 

measured following various skin treatments and showed the wearable’s ability to detect 

changes in skin surface pH in response to topical skin treatments. All experimental elements 

of this chapter were carried out by the candidate. 



 69 

Chapter 6 outlines conclusions from this work and discusses future work that is 

currently on-going.  
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Chapter 2: Assessing diurnal and site-associated 

differences in the skin volatile emission, skin surface 

pH and tissue dielectric constant in healthy skin 
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Abstract 

 The skin is the largest organ of the body and has tremendous biodiagnostic potential 

through the analysis of biofluids such as ISF and sweat. Assessment of biomarkers in biofluids 

typically require generation or extraction which can add complexity to analysis. Exploiting the 

skin volatile emission has recently gained traction as it is passively and continuously emitted 

from skin thus obviating the need for generation or extraction. In this work, a headspace solid-

phase microextraction (SPME) gas-chromatography (GC-MS) workflow was employed to 

investigate diurnal and site-associated variations in the healthy skin volatile profile. Other 

parameters including skin surface pH and tissue dielectric constant (TDC) were also assessed 

for diurnal and site differences. A total of 21 compounds comprising of acids, aldehydes, 

ketones, alcohols, hydrocarbons and esters were recovered  from the skin across a day and from 

different skin sites. Significant diurnal variations were observed in the acid, ketone and ester 

emission from skin across a day. Significant diurnal variation was noted for skin surface pH 

while no variation in TDC was observed.  Skin site variation in the volatile profile was observed 

where the palm showed the highest emission of almost all volatile emitted across the sites. 

Furthermore, ketone emission was also up-regulated on the forehead compared to all other 

sites. Significant variations in skin surface pH and TDC measurements for different skin sites 

were also observed with the forehead exhibiting the lowest skin surface pH coupled with the 

highest TDC measurement. Overall, this work provides a comprehensive analysis of the diurnal 

and site-associated changes in the skin volatile profile, skin surface pH and TDC in a healthy 

participant. Characterising these changes in a healthy participant and understanding the 

healthy- baseline volatile profile across a day and across different skin sites may allow for 

easier diagnosis of disease. Furthermore, such studies may prove useful in the development of 

treatments within the cosmetic industry.  
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2.1. Introduction  

The skin is a unique organ that has great biodiaganostic potential and has the ability to offer 

insights into metabolic processes within the body through the analysis of matrices produced 

within the skin such as biofluids including interstitial fluid (ISF) and other recently investigated 

matrices such as skin volatile emissions [1–3]. Exploiting volatile biomarker emission from 

skin has recently gained lots of traction as volatiles are continuously and passively emitted 

from skin thus obviating the need for generation and extraction that is associated with the 

sampling of ISF and sweat [4,5]. Volatile emissions are derived from eccrine, apocrine and 

sebaceous gland secretions and from the interaction of these secreted compounds with 

microorganisms present on the skin’s surface [6] with a variety of compounds classes being 

emitted including alkanes, alkenes, aldehydes, acids, ketones, alcohols, sulphur-containing 

compounds and nitrogen-containing compounds from both endogenous and exogenous sources 

[2,7]. Work has shown changes in the volatile emission composition from skin related to 

specific pathologies that have altered cellular metabolism [6]. For example characteristic 

profiles have been reported for patients with chronic wounds [8], Parkinson’s disease [9], 

melanoma [10] and skin associated diseases such as atopic dermatitis [11]. 

The body exhibits circadian rhythms, or 24-hour oscillations in metabolic processes, which 

serve to maximize cellular functions and adapt to the environmental demands of the day such 

as UV radiation for example [12,13]. Studies have shown circadian variations in various skin 

parameters such as skin capacitance, sebum excretion, transepidermal water loss (TEWL), skin 

surface pH, skin thickness and temperature [14–16]. Furthermore, diurnal-associated changes 

have been shown in the skin microbiome with the time of the day contributing to variances at 

the community level, however studies are limited to date [17–19]. For example, in one study, 

the relative abundance of Propionibacterium was significantly higher during the evening 

compared to morning [20]. Another study, however, has shown no temporal difference in the 

microbial communities on skin despite constant exposure to external environment [21]. This 

leaves diurnal changes in the skin microbiome up for debate and indicates further work is 

needed to truly understand diurnal changes, if there are any. Many studies have investigated 

the impact of the circadian clock on breath volatiles with studies showing changes in the 

volatile profile depending on the time of the day [22–25] with some also assessing the diurnal 

nature of the volatile ammonia [26] and hydrogen cyanide [27] emission from skin. Other 

studies have assessed the diurnal emission of acetone following the consumption of a keto- or 

carb-rich diet [28]. 
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As mentioned above, volatile emissions from skin are derived from secretions produced by 

the skin glands and from further metabolization of these secretions by the skin microbiome 

[29].  Gland density and distribution is not uniform across the body and varies at different skin 

sites [30] with eccrine glands being found in a high density on the palms and foot [31],  apocrine 

glands most dense in the axillae [32] and sebaceous glands densely located on the forehead and 

upper back [33]. Furthermore, the composition of the skin microbiome differs at different skin 

sites, for example, sebaceous sites such as the forehead are dominated by lipophilic 

Propionibacterium species,  the arms and the legs are known as dry areas and are mainly 

populated by Staphylococcus and Micrococci species whereas Staphylococcus and 

Corynebacterium species are abundant in moist areas such as the bends of the elbows, axillae 

region and feet [34,35]. Variations in the skin volatile emission at different skin sites have been 

identified and such differences have been attributed each skin site’s unique gland density and 

microbiome [36–38].  

To date, research on diurnal and skin site variation-associated changes in the skin volatile 

emission is limited [36–38]. This work aims to first characterise the skin volatile emission and 

then assess changes in the profile across a 6 hour period on 3 separate days. Following this, the 

volatile emission profile at different skin sites including the palm, foot, lower back, forehead 

and volar forearm was assessed for differences. Other physiological parameters including 

tissue dielectric constant (TDC) and skin surface pH and their correlations with the volatile 

profile were also investigated for diurnal and site specific variations. Overall, this research 

provides further insight into diurnal and site specific differences in skin which may prove useful 

for the understanding of healthy base-line skin volatile profile across a day and at different skin 

sites.  

  

2.2. Materials and methods 

2.2.1. Participant profile and skin volatile emission sampling  

A healthy volunteer, aged 26 was recruited. No special dietary regimes were applied, 

however,  the participant was asked not to apply perfumes or cosmetics on their arms on the 

day of sample volatile collection. The participant was informed on the aim and purpose of the 

study and asked to provide written informed consent alongside filling out a short questionnaire 

about their gender, age and cosmetic/fragrance use. The local ethics committee (Dublin City 

University Research Ethics Committee) approved the study on skin volatiles prior to 

commencement of the work (DCUREC/2016/053), and the study was performed according to 
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the Declaration of Helsinki. Solid-phase microextraction (SPME) fibres were used for sampling 

volatiles in a headspace (HS) above the skin using a method described previously [11]. Briefly, 

SPME fibres were comprised of 50/30/20 μm divinylbenzene/carboxen/polydimethylsiloxane 

Stableflex (2 cm) assemblies (Supelco Corp., Bellefonte, PA, USA). The SPME fibre was 

housed within a glass HS affixed to the left volar forearm (Figure 2.1), left palm, left sole of 

foot, lower back or forehead with Leukosilk surgical tape (BSN Medical GmbH, Hamburg, 

Germany). This was comprised of a glass funnel (3 mL volume, Pyrex®, Fisher Scientific 

Ireland, Dublin, Ireland) and two septa (Supelco Thermogreen LB-2 Septa plug, Sigma 

Aldrich, Arklow, Ireland) where the septa served to hold the exposed SPME fibre in the 

enclosed HS directly above the skin. SPME fibres were exposed within the HS for 15 min, after 

which the fibre was transferred into the GC injector for desorption.  

Blank air samples were collected with the equivalent glass HS used to sample from 

above skin. The glass funnel HS was fully enclosed by wrapping in aluminium foil followed 

by parafilm and was sampled in the same manner, again for 15 min (n=6).   

 

 

 
Figure 2.1. HS-SPME housed in a glass HS affixed to the volar forearm. 

 

 

2.2.2. Gas chromatography-mass spectrometry analysis 

An Agilent 7820A gas chromatograph connected to an Agilent 5977B mass selective 

detector (Agilent Technologies, Inc., Santa Clara, CA, USA) was used for all analyses. 

Separations were performed on an SLB-5 ms column (30 m × 0.25 mm × 0.25 μm df; Supelco). 
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Helium carrier gas was used throughout this work with a constant flow rate of 1 mL min−1. The 

system was equipped with a SPME Merlin Microseal (Merlin Instrument Company, Newark, 

DE, USA), and the inlet was maintained at a temperature of 250°C. Splitless injection was used 

for all samples, and each SPME fibre was desorbed for 2 min within a SPME inlet liner 

(Supelco). The initial GC oven temperature was 40°C for 5 minutes after which the oven was 

programmed at a rate of 10°C min−1 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. 

 

2.2.3. Data analysis 

Agilent MassHunter Qualitative Analysis 10.0 software was used to analyse raw 

chromatographic data (Figure A2.1). Peak acquisition and the respective peak area data were 

calculated by employing the chromatogram deconvolution compound mining algorithm. A 

peak filter of >=10000 counts was set. A Level 2 putative identification of compounds and 

structures was performed using the National Institute of Standards and Technology (NIST) 

library, and was supported by a visual comparison of the unknown mass spectra, with previous 

literature reports and with retention index (RI) matching with a tolerance of ±15 RI units. A 

standard mixture of saturated alkanes (C7–C30), (Sigma Aldrich, Ireland) was used for RI 

matching. In addition to this, confirmation of the retention time (RT) of compound 

characteristic to volatile skin emission was carried out using commercially available analytical 

standards (acetic acid, octanoic acid, nonanoic acid, hexanal, octanal, nonanal, decanal, 

benzaldehyde, 6-methyl-5-hepten-2-one, geranylacetone and 2-ethyl-1-hexanol) (Merck, 

Ireland). Furthermore, compounds deemed to be contaminants (e.g. siloxanes likely arising 

from SPME fibres and column bleed) were excluded from the data set.  

RStudio (version 2023.03.0) and Prism (version 9.4.0) were used for all data 

exploration and visualisation. Wilcoxon testing was used to determine significant difference 

and p-values < 0.1 were deemed to be statistically significant. Spearman correlation analysis 

was carried out using R package ‘corrplot’ (version: 0.92). R packages used included: 

‘tidyverse’, ‘ggplot2’, ‘ggfortify’. Principal component analysis (PCA) were carried out on the 

dataset obtained using the R packages: ‘FactoMineR’and ‘factoextra’. Other R packages used 

included: ‘tidyverse’, ‘ggplot2’, ‘ggfortify’.  
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2.2.4. Skin surface pH and tissue dielectric constant measurements 

Following the sampling of skin volatiles, skin surface pH at the same skin site was 

obtained using a wireless HALO flat glass probe (HI14142) (Hanna Instruments). All skin 

surface pH measurements were carried out in triplicate. Delfin MoistureMeter D, a commercial 

skin hydration probe (Delfin Technologies, Kuopio, Finland), was used to measure tissue 

dielectric constant (TDC). Each measurement was repeated 3 times using the probe with an 

effective measuring depth of 0.5 mm. 

 

2.3. Results and discussion 

2.3.1. Stability of the skin volatile profile, skin surface pH and TDC across a day 

Diurnal stability of the skin volatile emission from the volar forearm of a healthy female 

participant was investigated with a wide variety of compound classes emitted from human skin 

including acids, aldehydes, ketones, alcohols, hydrocarbons and esters. In order to assess 

diurnal stability, a HS-SPME sample was taken from the volar forearm starting at 10:00 a.m., 

with a sample taken every hour until 3:00 p.m. Figure 2.2 (a) compares the average absolute 

abundances of each compound class emitted and total emissions identified in the participants 

skin volatile profile in the morning (10:00 a.m, 11:00 a.m and 12:00 p.m, n=9) and afternoon 

samples (1:00 p.m, 2:00 p.m and 3:00 p.m, n=9). Significant differences in morning and 

afternoon abundances were observed for acidic, ketones and ester compounds. Acidic emission 

was shown to decrease in the afternoon samples (p= 0.024), ketone emission was shown to 

increase (p= 4.10 x 10-5) and ester emission was shown to decrease (p= 0.007). A discussion 

around individual compounds contributing to these changes and hypotheses for such 

differences are outlined further on. No significant differences were observed in total, aldehyde, 

hydrocarbon and alcohol emissions.  

In total, 21 compounds were reliably identified across all samples taken at different 

time points analysed using a combination of RI matching and commercially available analytical 

standards. Among these are frequently reported skin volatile compounds such as acetic acid, 

octanoic acid, nonanoic acid, geranylacetone, 6-methyl-5-hepten-2-one, hexanal, octanal, 

nonanal, decanal, benzaldehyde, 2-ethyl-1-hexanol and isopropyl myristate [2,7,11,39]. Acetic 

acid, a short chain fatty acid (SCFA) was detected in a high frequency across samples and is 

known to be a primary microbial metabolite with many studies reporting it as a key component 

of the human skin volatile profile [39–41]. This SCFA is produced via the catabolism of skin 

lipids into long-chain fatty acids which are then further broken down by bacterial including 
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Propionibacteria and Staphylococci present on the skin [42]. Longer chain free fatty acids 

(FFAs) including octanoic, nonanoic and n-decanoic acid were also recovered within this study 

and are well-established as main components of secreted sebum produced by sebaceous glands 

[43,44]. Six saturated and one aromatic aldehydes were recovered across all sampling time-

points. Volatile aldehyde emissions from skin are considered to be end-products of lipid 

peroxidation reactions initiated by oxidative stress [45]. Benzaldehyde was recovered from 

skin and its production within skin has been linked to benzyl alcohol oxidation and it has also 

been considered as a microbial metabolite [46–48]. The ketones, 6-methyl-5-hepten-2-one and 

geranylacetone, which are among the most frequently reported volatile compounds [40] were 

also recovered from the volar forearm. 2-ethyl-1-hexanol is an alcohol reported previously as 

a skin volatile [36,48], is linked to microbial degradation of plasticizers [49,50]. Hydrocarbons 

including tridecane and hexadecane were also recovered and their origin is thought to be 

endogenous through lipid peroxidation [51]. Compounds known to be from exogenous sources 

such as the esters, isopropyl myristate, isopropyl palmitate and lilial (linked to frequent use of 

fragrance and cosmetics) [37] were also recovered. Despite employing pre-sampling 

procedures such as the limitation of the use of cosmetics on the day of sampling, it is 

impractical to exclude such compounds given their pervasive use in cosmetic products [52,53] 

and their high frequency of occurrence.  

Blank HS samples of room air were also collected and analysed within the same HS 

volume where acetic acid, nonanal, decanal and 2-ethyl-1-hexanol were all detected but in 

much lower abundances compared to the average abundances recovered from the headspace of 

skin (Fig 2.2(b)).  
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Figure 2.2. (a) Bar chart illustrating differences between the average absolute abundances of 

each compound class and total emission from the volar of a single participant across morning 

(10:00 a.m, 11:00 a.m and 12:00 p.m, n=9) and afternoon (1:00 p.m, 2:00 p.m and 3:00 p.m, 

n=9) samples. Statistical significance was calculated using the Wilcoxon signed rank test. Error 

bars represent standard deviation in recovered abundances. (b) bar chart illustrating the average 

emission of each compound from skin (n = 18 samples from a single participant) compared to 

blank HS samples of indoor air (n=6). Error bars represent standard deviation in abundances 

recovered. 

 

Following identification of  significant differences in the volatile profile of the forearm 

between morning and afternoon samples in Figure 2.2 (a), correlations between all 21 skin-

emitted volatile compounds with time of sampling, skin surface pH and TDC were investigated 

(b) 

(a) 
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(Figure 2.3, Table 2.1). Skin surface pH and TDC were initially assessed for diurnal changes 

Some studies have shown changes in the skin surface pH of axillary skin with a significant 

decrease shown between the morning and evening [54]. Others have shown circadian rhythms 

of skin surface pH on the shin and forearm with a peak in pH shown around mid-day for both 

sites [14]. TDC assesses local tissue hydration levels through an impedance measurement [55]. 

Similarly, diurnal changes in TDC have been observed [55,56]. In this study, skin surface pH 

was shown to increase significantly across a day (p = 0.006) while no significant differences 

were observed for TDC (p= 0.726). 

As shown in Fig 2.2 (a) the acidic emission from skin was shown to decrease in the 

afternoon compared to the morning. Correlation results from Fig 2.3 show that the longer 

chains VFAs such as nonanoic acid (p = 0.060) and n-decanoic (0.061) were significantly 

decreased across a day and showed negative correlation with skin surface pH (p=0.056, 

p=0.025, respectively). This suggests that skin surface pH is linked to the emission of VFAs 

across a day and is supported by previous work from our group [38]. Other acids emitted from 

skin including acetic acid (p= 0.146) and octanoic acid (0.112) showed no significant change 

with time or pH.  

Most notably, the abundances of the ketones, 6-methyl-5-hepten-2-one and 

geranylacetone were shown to significantly increase across the day (p= 0.077 and p= 0.042, 

respectively). As discussed above, sebum excretion has been shown to increase diurnally with 

excretion peaking in the mid-afternoon [12,16,57]. Squalene is a key component of sebum and 

6-methyl-5-hepten-2-one and geranylacetone emission are volatile metabolites of its lipid 

peroxidation [39,58] which may explain their up-regulation across a day. Furthermore, the 

breakdown of squalene is triggered by extrinsic factors such as UV light and ozone and 

increased exposure to these throughout the day may also explain the increased emission [59]. 

Moreover, it was noted that the participant showered on the morning of sampling which may 

have washed/removed sebum from the skin which may lead to the lower abundances of ketones 

recovered in the morning samples.  

In terms of aldehyde emission, it could be hypothesised that emissions would increase 

throughout the day in a similar way to ketones as they are end-products of lipid peroxidation 

processes initiated by oxidative stress [60] which may increase with increased exposure to UV 

light and ozone which are both exogenous sources of reactive oxygen species (ROS) [61]. This 

work shows a significant diurnal increase for dodecanal (p= 0.062) while in contrast, octanal 
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shows a significant diurnal decrease over the course of day (p= 0.012) while no other aldehydes 

recovered showed any diurnal variation significance.  

In contrast, the abundance of ester compounds, specifically isopropyl myristate 

(p=0.055) were shown to down-regulated across a day. Ester compounds are typically linked 

to the frequent use of fragrance and cosmetic products. Despite employing pre-sampling 

procedures these compounds persist to reside on the skin [7,37]. A decrease in the relative 

abundance of these ester compounds was observed throughout the day. It could be speculated 

that higher abundances observed in the morning samples may be related to showering in the 

morning and cosmetic use from the previous days (fragrance use etc…) and the decline in 

abundance may indicate metabolization of these compounds by the skin microbiota. For 

example, isopropyl myristate may be hydrolysed on the skin to myristic acid and its 

corresponding alcohol, isopropyl alcohol [62]. Furthermore, these esters reside in the stratum 

corneum (SC) as opposed to sebum. As discussed above, showering on the morning of 

sampling could have led to the removal of sebum from the skin which may allow for higher 

volatile emissions of isopropyl myristate to be recovered from the skin. Diurnal changes in 

sebum production have been noted in many studies causing sebum accumulation throughout 

the day. Such sebum accumulation could be hypothesised to block the emission of ester 

products from the SC.  

Finally, it could be hypothesised that as hydrophobic sebum on the skin increases 

throughout the day, TDC might also change, however, no significant difference in TDC across 

a day was observed for any of the recovered compounds or total volatile emissions. TDC is not 

a surface measurement and instead measures skin-to-fat tissue water and measures at a depth 

of 0.5 mm [56,63]. TEWL may be a better measurement for assessing changes in skin surface 

hydration throughout the day.  
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Figure 2.3. Spearman correlation plot of average abundances (n=3) of identified volatile 

compounds at each sampling point with time of sampling, skin surface pH and TDC for a single 

female participant. Blue indicates a positive correlation and red indicates a negative correlation.   
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Table 2.1. Results of Spearman correlation (Fig 2.2) of skin volatile emissions as a function of 

time of sampling, skin surface pH and TDC for a single female participant (n=1). Significant 

change (p<0.1) with time, skin surface pH or TDC are bolded and arrows represent up-

regulation (­) or down-regulation (¯).  

Compound 
Correla-on (coefficient r, p-value) 

Time Skin surface pH TDC 

Ace6c acid -0.668, 0.146 -0.558, 0.250 -0.287, 0.581 

Octanoic acid -0.712, 0.112 -0.656, 0.157 -0.291, 0.576 

Nonanoic acid -0.792, 0.060 ¯ -0.799, 0.056¯ 0.174, 0.742 

n-decanoic acid -0.790, 0.061¯ -0.867, 0.025¯ 0.286, 0.582 

Hexanal -0.446, 0.375 -0.536, 0.273 0.076, 0.886 

Octanal -0.909, 0.012¯ -0.810, 0.050¯ 0.037, 0.944 

Nonanal -0.228, 0.663 -0.134, 0.800 -0.336, 0.515 

Decanal 0.386, 0.449 0.476, 0.339 0.603, 0.205 

Undecanal -0.400, 0.432 -0.205, 0.697 -0.310, 0.550 

Dodecanal 0.788, 0.062­ 0.908, 0.012­ 0.341, 0.508 

Benzaldehyde 0.393, 0.441 0.656, 0.157 -0.282, 0.588 

6-methyl-5-hepten-2-one 0.763, 0.0773 ­ 0.631, 0.178 0.516, 0.294 

Geranylacetone 0.827, 0.0422 ­ 0.803, 0.054­ 0.372, 0.467 

Benzyl alcohol 0.098, 0.854 0.272, 0.602 0.147, 0.781 

1-dodecanol 0.288, 0.579 0.344, 0.504 0.366, 0.475 

2-ethyl-1-hexanol -0.121, 0.819 0.061, 0.908 0.335, 0.516 

Tridecane -0.245, 0.639 -0.053, 0.920 -0.082, 0.877 

Hexadecane -0.433, 0.391 -0.473, 0.343 -0.012, 0.981 

Isopropyl myristate -0.801, 0.055¯ -0.782, 0.065¯ -0.048, 0.922 

Isopropyl palmitate -0.555 0.253 -0.632, 0.177 -0.224, 0.669 

Lilial -0.602, 0.206 -0.595, 0.212 -0.107, 0.840 

Total emissions 0.029, 0.956 0.103, 0.845 0.406, 0.423 
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2.3.2. Site variation of the skin volatile profile, skin surface pH and TDC 

Stability of the volatile profile from different sites including the volar forearm, lower 

back, sole of foot, palm and forehead was then investigated. Again, a wide variety of compound 

classes were emitted from each site including acid, aldehydes, ketones, hydrocarbons, alcohols 

and esters. Here, in order to assess any variation in the volatilome of each skin site, a 15 min 

HS-SPME sample was taken from each skin site across 3 days (n=6 hourly measurements per 

day). Figure 2.4 compares the absolute abundance of each compound class emitted and total 

emissions across each skin site samples. In terms of total emissions, the palm showed a 

significantly higher abundance of recovered compounds compared to all other sites sampled. 

Moreover, the emission of acids, aldehydes and alcohols were found to be highest from the 

palm. Ketone emission was found to be slightly higher on the forehead compared to the palm, 

while hydrocarbon emission was observed to be increased at the sole of the foot and the 

forearm. Ester emission was highest at both the palm and forearm compared to all other sites 

sampled.  

Again, as in section 2.3.1, the same 21 compounds were reliably identified across all 

samples taken at different body sites using a combination of RI matching and commercially 

available analytical standards. The origin of these volatile compounds was discussed in section 

2.3.1.  

 

 
Figure 2.4.  Bar chart illustrating differences between the average absolute abundances of each 

compound class and total emission from each skin site sampled (n=3) (palm, foot, forehead, 

back and forearm). Statistical significance was calculated for pairwise comparisons of each site 
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using the Wilcoxon signed rank test and p-values are shown. Error bars represent standard 

deviation in recovered abundances. 

Principal component analysis (PCA) was also carried out in order to further understand 

dissimilarities in the skin volatile at each site. PCA reduces the dimensionality of the data by 

identifying characteristic volatiles and uses these to construct new linear variables called 

principal components (PCs), along which variation is maximised [64]. The principal 

components are then visualised by scores and loading plots which characterise the dataset. 

Figure 2.5 (a) shows the PCA scores plot where each sample is coloured to its respective site. 

Variation between the palm and all other sites is summarised by PC1 (Dim1) while the variation 

between all other sites sampled is summarised across PC2 (Dim2).  

Figure 2.5 (b) shows the loadings plot which summarises the contribution of all the 

volatiles to the discrimination between skin sites. This shows dodecanal, undecanal, decanal, 

octanal, octanoic acid and nonanoic acid contribute the greatest to the discrimination of the 

palm from the other skin sites. It is known that the palm and foot have similar gland 

distributions with a high density of eccrine glands [31,65] which may suggest that their volatile 

emission might be similar however there is clear separation between their volatile signatures 

along PC1. Furthermore, the back and forehead are both sites with a high density of sebaceous 

glands which may indicate similar emission, however PCA analysis shows clear separation 

between the two sites along PC2.  

 Furthermore, the back, foot and the forearm are all clustered quite closely indicating 

that their volatile profile may be of a similar composition despite differences in their gland 

distributions whereby hexadecane, tridecane and benzaldehyde all seem to be contributing to 

their separation from the palm and forehead. Overall, this PCA analysis highlights the ability 

of the skin volatile profile to discriminate, to some degree, between skin sites.  

 

(b) (a) 
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Figure 2.5. (a) Score plot representation from the PCA of the volatile emission from different 

skin sites sampled across n=3 days (n=1 measurement from each site per day). PC1 and PC2 

summarised 60% of the variance of the overall dataset, with 40.5% being summarised by PC1 

and 19.5% being summarised by PC2 and (b) loadings plot from the PCA analysis showing the 

contribution of each compound recovered to the site discrimination. The length and colour of 

the arrows represent the contribution of each sensor to principal components 1 and 2.  

 Following identification of variations in site volatile emission (Figure 2.4 and 2.5), 

differences in the volatile emissions with respect to the 21 individual compounds recovered 

was then investigated (Figure 2.6, Table 2.2). Each site was categorised based on gland 

distribution and differences in the volatile profile, skin surface pH and TDC between them 

were assessed. The palm and the foot are known to have similar gland distribution with a high 

density of eccrine glands at each site [66], however, the palm has been shown to have a higher 

number of activated sweat glands compared to the foot [31]. Interestingly, similar skin surface 

pH measurements were obtained from the palm (4.72 ± 0.01) and foot (4.71 ± 0.02) and similar 

TDC measurements were also recorded (palm: 40.81± 2.54 and foot: 39.42± 0.433) indicating 

that both sites have a similar skin-to-fat water content. Despite these similarities, significant 

differences in the volatile profile of the sites were observed. For example, all acidic and 

aldehyde emissions were shown to be higher from the palm compared to the foot. Volatile 

aldehyde emissions are lipid peroxidation end products and are considered a marker of 

oxidative stress on the skin. These volatiles result from increased production of reactive oxygen 

species (ROS) either by endogenous (mitochondria) or exogenous sources (UV light and 

ozone) [60]. Increased emission from the palm compared to the foot may indicate increased 

oxidative stress at these sites. For example, the palm is typically exposed to the surrounding 

environment whereas the foot is not and increased exposure to UV light and ozone may initiate 

lipid peroxidation thus increasing volatile aldehyde emission. Similarly, the ketones, 5-hepten-

2-on, 6-methyl- (p= 0.093) and geranylactone (p= 0.015) were increased in emission from the 

palm compared to the forearm and again as they are products of oxidative squalene breakdown 

and increased exposure to UV light and ozone may cause increased emission due to increased 

squalene breakdown. In contrast, emission of the hydrocarbon hexadecane was increased in the 

foot compared to the back and recent studies have found correlation between Corynebacterium 

and Staphylococcus bacteria with alkanes such as hexadecane and heptadecane [36]. This 

correlates with abundances of these bacteria at specific sites, for example the foot possess a 

high abundance of Staphylococcus bacteria in its microbiome which may explain hexadecane’s 
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increased emission at the foot compared to the palm [34].  This highlights that differences in 

the skin microbiome in both sites may also drive the variation in the volatile profile seen 

between the palm and the foot. The foot is a moist skin site mainly by Staphylococcaceae 

bacteria while the palm is a dry skin site populated mainly by Proteobacteria [34]. Such 

differences may  suggest that the volatiles profile of the palm and foot may differ based on 

their different microbiome composition, however further work is need to investigate and 

understand correlations between the two.  

 Sebaceous glands are mainly found on the face, scalp, chest and back [67] and so the 

back and forehead volatile emissions, skin surface pH and TDC were examined for site-specific 

variations. Recently, our group have shown differences between the acidic profile of skin 

between the forearm, forehead and back of the hand where increased acidic abundance was 

recovered from the forehead compared to the other sites and these changes were shown to 

correlate with skin surface pH [38]. Here, increased abundances of the medium-chain VFAs, 

nonanoic acid and n-decanoic acid, were recovered on the forehead compared to the back 

(nonanoic acid, p=0.014; n-decanoic acid, p=0.015). Increased abundances of VFA emission 

on the forehead may be attributed to a higher density of sebaceous glands on the forehead 

compared to the back [38,68] or may be linked to the differences in the skin microbiome at 

each site, whereby the back is mainly populated by Propionibacterium and the forehead is 

populated mainly by Corynebacterium [34]. Interestingly, skin surface pH of the forehead 

(4.53±0.02) was found to be significant lower than that of the back (4.80±0.02) which may be 

modulated by the increased emission of VFAs on the forehead [38]. Similarly, TDC was 

significantly increased on the forehead (42.78±1.56)  compared to the back (36.5±0.96)  

indicating an increased skin-to-fat tissue water content in the forehead. Similar to the palm, it 

could be hypothesised that aldehyde and ketone emissions would be increased on the forehead 

compared to the back given that it is in contact with UV light and ozone which trigger lipid 

peroxidation and the breakdown of squalene. Here, an increase in geranylacetone abundance 

was reported in the forehead compared to the back but a significant decrease in nonanal, 

undecanal, dodecanal and benzaldehyde was observed. Endogenous production of ROS [69,70] 

may contribute to the increased aldehyde emission on the back given that the back is not 

typically exposed to UV light or ozone, although further work would be needed to understand 

this increased emission.  

The forearm is a mixed gland site with the presence of both sebaceous and eccrine 

glands. Sebaceous gland density is much lower on the forearm compared to forehead and back 
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along with a decreased eccrine gland density compared to the palm and the foot. The highest 

skin surface pH (4.85±0.04) and the lowest TDC (34.6±1.15) was observed for the forearm 

compared to all other skin sites. Interestingly, the lowest abundance of octanoic acid and 

nonanoic acid were recovered from the volar forearm and they lower abundance may have 

modulated a lower skin surface pH measurement at the forearm. Aldehydes emission, 

specifically hexanal, octanal, nonanal and undecanal were found to be increased in emission 

from the forearm compared to all other body sites, except for the palm, and may be linked to 

increased UV and ozone exposure at that site.  

Furthermore, studies have shown differences in the emission of exogenous compounds 

across different sites with Gallagher et al. for example showing variations in abundance of the 

exogenous compounds dimethylsulfone, hexyl salicylate and a-hexyl cinnamaldehyde 

between the upper back and the volar forearm [37]. Here, the emission of isopropyl myristate, 

an emollient commonly employed in cosmetic formulations [53], varied across skin sites with 

increased abundances on the foot, forearm and palm. Differences in the abundances of these 

exogenous compounds can prove useful in site discrimination and can further understand the 

use of fragrances and cosmetics across different sites of the body. 
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Figure 2.6. (a) Grouped boxplots comparing the abundances of compounds emitted each skin 

site. Y-axis labels are displayed in scientific notation where ae+b = a × 10b and (b) grouped 

boxplots comparing the skin surface pH and TDC of the different skin sites. Statistical 

significance was calculated using the Wilcoxon signed rank test. Boxes represent the 
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interquartile range: the line running across each box represents the 50th percentile (median), 

the top of the box represents the 75th percentile, and the bottom of the box represents the 25th 

percentile. The whiskers (error bars) represent either the smallest or largest value within 1.5 

times the interquartile range above the 75th percentile or below the 25th percentile.  

 

Table 2.2 Comparisons of the emission of compounds and skin surface pH and TDC 

measurements from different skin sites (Figure 2.6) where significant p-values are listed 

(p<0.1). Arrows represent up-regulation (­) or down-regulation (¯) and n.s = not significant. 

(For example,  ¯ arrow is shown for acetic acid emission from foot vs back indicating that the 

abundance emitted is lower in the back compared to the foot.) 
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2.4. Conclusion 

The main aim of this study was to investigate diurnal- and site-associated variations in 

skin volatile emissions, skin surface pH and TDC measurements. A variety of compounds 

classes including acids, aldehydes, ketones, alcohols, hydrocarbons and esters were recovered 

from the skin with a total of 21 compounds being emitted.  

Initially, diurnal variation in the volatile profile of the volar forearm was assessed. The 

ketone and ester emission from skin were shown to have the most variation across a day. 

Emission of the ketones, 6-methyl-5-hepten-2-one and geranylacetone were shown to increase 

significantly across the day while a decrease in the emission of ester compounds such as 

isopropyl myristate and palmitate was observed. Significant diurnal-variation was also noted 

for skin surface pH and correlation between the acidic profile of skin was established. No 

variations in TDC measurements on the volar forearm were observed. 

Following this, site variation of the skin volatile profile was assessed where HS-SPME 

samples were taken from the palm, foot, forearm, forehead and lower back. Overall, the palm 

showed the highest emission of most volatile and this may be attributed to dense population of 

eccrine glands at that site which may induce sweating. Interestingly, an increased emission of 

acidic compounds was observed from the forehead compared to all other sites except the palm. 

Furthermore, ketone emission was also up-regulated at the forehead compared to all other sites 

and this may be linked to the increased sebaceous gland density at this site. Significant changes 

in skin surface pH and TDC across sites were also noted.  

Overall, these results obtained using a comprehensive HS-SPME GC-MS workflow show 

proof of concept for diurnal and site variation in the skin volatile profile, skin surface pH and 

TDC. While these findings provide evidence for diurnal and site variation, they are limited by 

the small sample size. Further work would need to be carried out to asses these changes in 

larger participant cohorts. Moreover, in terms of the diurnal study, abundances of compounds 

at only six time points during the daylight cycle were investigated. Investigating changes in the 

volatile profile between daylight and night-time cycles may prove more interesting.  

Understanding diurnal and site variation of these parameters in healthy participants can allow 

for characterisation of a healthy profile which can then be used to help in the diagnosis of 

disease. Furthermore, this work may prove useful in the development of treatments in the 

cosmetic industry.   
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Abstract 

The skin is the largest organ of the body, is complex, and has tremendous potential for 

non- or minimally-invasive diagnostics in part due to its waste secretion function. Acting as a 

barrier to the surrounding external environment, it prevents invasion by pathogenic microbes 

and regulates water and solute loss. Gender-linked physiological differences in skin are well 

known and it is also well-established that structural, physical and biochemical changes occur 

in healthy skin during the aging process. The volatile emission from human skin is of great 

interest as it contains a variety of biomarkers that can provide information on the metabolic 

activity underway in the body and can be sampled in a wholly non-invasive manner. Previous 

research has shown that the skin volatile profile changes with age but is limited. This work 

aims to further characterise the volatile emission profile from the skin (volar forearm) in a 

healthy participant cohort (n=60) and assess changes with gender and age, via headspace-solid 

phase microextraction (HS-SPME) with analysis via gas chromatography-mass spectrometry 

(GC-MS). Characterisation of the skin volatile of the participant cohort showed there was a 

variety of compound classes emitted from skin, such as acids, aldehydes, ketones, alcohols, 

hydrocarbons and esters, being recovered with variability in recovery and relative abundance. 

A total of 18 compounds were deemed eligible for the investigation of the influence of gender 

and age on the skin volatile emission study based on a frequency detection threshold. Origins 

of each of the compounds included in the study were also discussed.  

Gender influences on the skin volatile emission were observed. The acidic, aldehyde and ester 

emissions of male and female participants showed significant differences indicating that both 

data sets should be treated individually when assessing changes in VOC emissions with age. 

Statistical analysis of the volatile profile with age showed that there were 6 volatile compounds 

(acetic acid, hexanal, nonanal, undecanal, benzyl alcohol and 2-ethyl-1-hexanol) that changed 

in abundance with increasing participant age. Finally, MLR models showed that skin surface 

pH, TDC, gender and age-significant volatile compounds allowed for improved prediction of 

age compared to a model only containing age-significant compounds. Overall, this study 

provides a comprehensive analysis of observed changes in skin volatile profiles with age and 

gender. This non-invasive analysis of skin volatiles allows us to assess age-related changes in 

skin barrier function and cutaneous microbial defence which may manifest into disease and 

may also prove useful for the development of anti-aging treatments in the cosmetic industry. 
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3.1. Introduction 

The skin is the largest organ of the human body and has a surface area of 1.5-2 m2 [1]. It is 

a complex organ that is comprised of three main layers, the epidermis, dermis and subcutaneous 

tissue or hypodermis [2]. Each layer of the skin varies in structure, function and composition. 

The main function of the skin is as a barrier against the external environment around us [3,4]. 

It prevents the invasion of pathogens into the body that might cause infection and helps to 

regulate loss of water and solutes [5]. The hypodermis layer is found deep within the skin and 

binds the skin organ to the skeletal frame of the body. Located above this is the dermis and this 

layer protects the skin against mechanical damage. The outermost layer of the skin is the 

epidermis, which is comprised of sublayers including the stratum basale, stratum spinosum, 

stratum granulosum and the final layer, exposed to the external environment, the stratum 

corneum (SC) [2].  

Gender-linked differences in the skin’s structural, physical and biochemical properties have 

been well-reported and are mainly linked to differences in the metabolism of sex hormones [6–

8]. Male skin is known to be thicker than female skin along with an increased collagen density, 

which is a major component in skin thickness [9] and may be linked to increased testosterone 

stimulation in males. Moreover, the biochemical composition, specifically the microbiome of 

skin [10,11], has been shown to differ between genders with increased relative abundances of 

Propionibacterium and Corynebacterium in males compared to females [12]. Other differences 

include an increased skin surface pH in females and higher transepidermal water loss (TEWL) 

compared to males [13]. Rates of sweating and sebum production also differ between genders 

with males exhibiting increased sweating and sebum content on skin [14].  

In addition to this, it is well-known that aging of the skin can also induce profound changes 

in the skin’s biochemical, structural and physical properties that can lead to impaired biological 

function and even disease. In general, the aging of human skin is driven by two basic processes: 

intrinsic aging, also known as chronological aging which occurs due to inherent genetics and 

extrinsic aging, attributed to environmental and lifestyle factors, including sunlight exposure 

and diet [15]. Phenotypic changes in cutaneous cells occur through these aging processes as 

well as functional and structural changes in extracellular matrix components such as collagen, 

elastin and proteoglycans which support strength, elasticity and hydration of the skin [16].  

One of the main mechanisms through which aging of the structural and physical properties 

of skin occurs is via oxidative damage, caused by an increased production of reactive oxygen 

species (ROS) in the skin [17–20]. Endogenous sources of ROS include by-products of the 
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mitochondrial aerobic metabolism electron transport chain [21,22], while exogenous sources 

include ultraviolet (UV) light and ozone (O3). ROS activate a myriad of signalling pathways 

that result in reduced collagen production, synthesis and activation of matrix 

metalloproteinases (MMPs) for degrading connective tissue, secretion of senescence-

associated secretory phenotype (SASP), all of which ultimately promote aging of skin.  

Other physiological skin changes also occur during aging, including an increase in skin 

surface pH [23–27], decreases in skin tissue hydration and transepidermal water loss (TEWL) 

[24] and changes in the composition of the skin microbiome [28]. This increase in pH is linked 

to a decreased sodium-hydrogen antiporter 1 (NHE1) expression [29], slowed breakdown of 

filaggrin [30] and reduced/delayed breakdown of phospholipids into free fatty acids [23]. Rates 

of sweat and sebum production are also known to decrease with age, leading to a decreased 

buffering capacity of the skin [31]. 

Age-associated changes in the skin microbiome have been established [32,33]. Howard et 

al for example recently demonstrated increased bacterial diversity across several skin sites with 

increasing age. It was also noted that Lactobacillus and Cutibacterium demonstrated a 

significant change (decrease) in abundance at all sampled skin sites with increasing age [28]. 

These changes correlated with aging-associated alterations in several host factors, including 

decreased sebum and increased lipids/natural moisturising factors (NMFs). Other researchers 

have also demonstrated age-related changes in the microbiome including changes in the 

relative abundances of Propionibacterium and Corynebacterium [28,34].  

The volatile emission from human skin, originating from glandular secretions and their 

interaction with microorganism on the skins surface [35], contains a variety of biomarkers that 

can provide information on endogenous metabolic activities as well as the microbial nature 

[36]. Over 600 volatile compounds have been detected in human skin extracts and comprise of 

a variety of compound classes including alkanes, alkenes, aldehydes, acids, ketones, alcohols, 

sulphur-containing compounds and nitrogen-containing compounds [37].  

Specific compounds, including long chain fatty acids (FAs) such as pentadecanoic acid and 

hexadecenoic acid have been shown to be linked to gender with males having an increased 

abundance [38,39]. This increased abundances of FAs has been linked to a decreased skin 

surface pH observed in males [13]. Furthermore, aldehydes and ketone emission has been 

shown to be increased in male vs female participants [38]. Other studies however have shown 

no change in skin volatile emission with gender [40].    
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Certain volatile compounds including specific aldehydes have been noted as 

characteristic of aging. Haze et al [41] identified the unsaturated aldehyde 2-nonenal as a 

characteristic odour of aging in male participants over 40 years. The increase in emission of 2-

nonenal is linked to oxidative stress and an increased rate of lipid peroxidation of the 

unsaturated fatty acid, palmitoleic acid , known to increase with age. However, other studies 

have also detected 2-nonenal in younger participants, weakening the case for it as a marker of 

age [42]. Gallagher et al [40] observed increased abundances of the saturated aldehyde nonanal, 

and also benzothiazole and dimethylsulfone within the skin volatile emission with age that 

were statistically significant. In general, the volatile aldehyde emission from the body is 

considered a marker of oxidative stress [43] resulting from an increased production of ROS. 

Fatty acids [44,45] are present in sebum [46,47] and ROS from the outlined sources induce 

peroxidation of these fatty acids. This involves the b-scission of alkoxy radicals formed by the 

homolytic cleavage of fatty acid hydroperoxides, subsequently producing volatile aldehydes 

thus making these compounds reflect oxidative stress on the skin. Interestingly, these volatile 

aldehydes [48,49] have been investigated as activators of the Nrf-2-keap1 pathway [20,50] in 

human keratinocytes which is a principle protective response to oxidative and electrophilic 

stressors [49].  

To date, research on gender and age-associated [40,41] changes in the skin volatile 

profile are limited. This work aims to further understand changes in the volatile profile with 

gender and age in healthy skin using a direct HS-SPME sampling coupled with GC-MS 

analysis in a participant study (n=60). Here, we focus on skin characteristic compounds 

recovered, identifying 18 compounds as being emitted from the volar forearm. Other 

physiological parameters of skin including skin surface pH  and tissue dielectric constant 

(TDC) was also measured to investigate their correlation with participant gender, age and 

volatile profile. Assessment of changes in the human skin volatilome with age may prove 

useful when diagnosing disease in elderly patients and also to the development of anti-aging 

treatments in the cosmetic industry.  

3.2. Materials and methods 

3.2.1. Participant profile and skin volatile emission sampling  

60 healthy volunteers, aged 18-78 (39 female, aged 18-71, median age = 32, mean age 

= 36; 21 male, aged 19-78, median age = 47, mean age = 43), were recruited (Figure 3.1). No 

special dietary regimes were applied, however, participants were asked not to apply perfumes 

or cosmetics on their arms on the day of sample volatile collection. Participants were informed 
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on the aim and purpose of the study and asked to provide written informed consent alongside 

filling out a short questionnaire about their gender, age and cosmetic/fragrance use. The local 

ethics committee (Dublin City University Research Ethics Committee) approved the study on 

skin volatiles prior to commencement of the work (DCUREC/2016/053), and the study was 

performed according to the Declaration of Helsinki. Solid-phase microextraction (SPME) 

fibres were used for sampling volatiles in a headspace (HS) above the skin using a method 

described previously [51]. Briefly, SPME fibres comprised of 50/30/20 μm 

divinylbenzene/carboxen/polydimethylsiloxane Stableflex (2 cm) assemblies (Supelco Corp., 

Bellefonte, PA, USA). The SPME fibre was housed within a glass HS 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, Dublin, Ireland) 

and two septa (Supelco Thermogreen LB-2 Septa plug, Sigma Aldrich, Arklow, Ireland) where 

the septa served to hold the exposed SPME fibre in the enclosed HS directly above the skin. 

SPME fibres were exposed within the HS for 15 min, after which the fibre was transferred into 

the GC injector for desorption. All samples were collected during November 2021-February 

2022.  

 

3.2.2. Standard calibration curves 

Specified concentrations of nonanal (CAS: 124-19-6, purity: 95%) and decanal (CAS: 

112-31-2, purity: >98%)  standards (Sigma-Aldrich, Ireland), were prepared individually in n-

hexane and 1 µl volumes of these solutions were pipetted into separate 20 mL glass vials. Glass 

vials were sealed and the solutions were allowed to evaporate at 37oC for 10 min. Complete 

evaporation was assumed, and using the Ideal Gas Law [52], the HS concentrations of both 

nonanal and decanal in separate vials were recorded as 0.625, 1.25, 2.5, 5, 10 and 20 ppb  

Finally, the HS of the vials were sampled using a 50/30/20 μm 

divinylbenzene/carboxen/polydimethylsiloxane Stableflex (2 cm) SPME fibre for 15 min at 

37°C. The SPME fibre was then removed and transferred to the GC injector for desorption. All 

standard preparation and analysis were performed in triplicate. 

 

3.2.3. Gas chromatography-mass spectrometry analysis 

GC-MS analysis has been described previously in Chapter 2, section 2.2.2. 
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3.2.4. Data analysis 

All techniques used for analysis of raw chromatographic data are outlined in Chapter 

2, section 2.2.3. RStudio (version 2023.03.0) and Prism (version 9.4.0) were used for all data 

exploration and visualisation. A Shapiro-Wilk’s test was first carried out in order to determine 

if the data had a normal or non-normal distribution using the R package ‘ggpubr’. Results of 

this test show that the data set has a non-normal distribution thus non-parametric data analysis 

techniques were employed for data exploration. Wilcoxon testing was used to determine 

significant difference and p-values < 0.1 were deemed to be statistically significant. Spearman 

correlation analysis was carried out using R package ‘corrplot’ (version: 0.92). Canonical 

correlation analysis (CCA) was carried out using ‘cca’ (version: 1.2.1) and ‘ccp’ (version: 1.2). 

Multiple linear regression (MLR) was carried out on data using ‘MASS’ (version 7.3). Other 

R packages used included: ‘tidyverse’, ‘ggplot2’, ‘ggfortify’.  

 

3.2.5. Skin surface pH and tissue dielectric constant measurements 

Procedures for the measurement of skin surface pH and tissue dielectric constant (TDC) 

are outlined in Chapter 2, section 2.2.4. 

 
 

 
 

 

 

 

 

Figure 3.1. Number of male and female participants recruited, categorised into age ranges of 

10 years. 

 
3.3. Results and discussion 

3.3.1. Characterising the skin volatile profile in healthy participants 

Skin volatile emissions from the volar forearm of 60 participants and characterisation 

of the VOCs showed there to be a variety of compound classes emitted from human skin, with 

acids, aldehydes, ketones, alcohols, hydrocarbons and esters being recovered. Figure 3.2 (a) 
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shows a representative distribution of the relative abundance of compound classes identified in 

each individual participant’s skin volatile profile. Variability in the recovery and relative 

abundances of compound classes from the skin across participants highlights the variance in 

inter-participant sampling. For example, the relative acid composition ranges from 5-56%. The 

main aim of this work is to assess how physiological factors including gender and age impact 

the chemical composition in the headspace of the skin.  

21 compounds were reliably identified across all samples analysed using a combination 

of RI matching and analytical standards. Figure 3.2 (b) shows the % frequency detected for 

each compound across male and female participants. Among these are frequently reported skin 

volatile compounds acetic acid, octanoic acid, nonanoic acid, geranylacetone, 6-methyl-5-

hepten-2-one, nonanal and decanal [51,53–55] which were detected in >80% of both male and 

female participants and so can be considered as omnipresent for both genders. Acetic acid, a 

short chain fatty acid (SCFA) was detected in a high frequency across samples and is known 

to be a primary microbial metabolite with many studies reporting it as a key component of the 

human skin volatile profile [37,55,56]. This SCFA is produced via the catabolism of skin lipids 

into long-chain fatty acids which are then further broken down by bacterial including 

Propionibacteria and Staphylococci present on the skin [57]. Longer chain free fatty acids 

(FFAs) including octanoic, nonanoic and n-decanoic acid were also recovered within this study 

and are well-established as main components of secreted sebum produced by sebaceous glands 

[47,58]. Six saturated and one aromatic aldehyde were recovered across both male and female 

participants. As discussed earlier, volatile aldehyde emissions from skin are considered to be 

end-products of lipid peroxidation reactions initiated by oxidative stress [59]. Benzaldehyde 

was recovered in approx. 75% of male and female participants and its production within skin 

has been linked to benzyl alcohol oxidation and it has also been considered as a microbial 

metabolite [60–62]. The ketones, 6-methyl-5-hepten-2-one and geranylacetone, which are 

among the most frequently reported volatile compounds [37], were recovered in approx. 85-

100% of all participants. 2-ethyl-1-hexanol is an alcohol reported previously as a skin volatile 

[36,48], is linked to microbial degradation of plasticizers, and was detected in >80% of male 

and female samples thus deeming it omnipresent [63,64]. Compounds known to be from 

exogenous sources including esters such as isopropyl myristate, isopropyl palmitate and lilial 

(linked to frequent use of fragrance and cosmetics) [65] were also recovered. Despite 

employing pre-sampling procedures such as the limitation of the use of cosmetics on the day 

of sampling, it is impractical to exclude such compounds given their pervasive use in cosmetic 
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products [66,67] and their high frequency of occurrence. A frequency of detection threshold of 

30% for both male and female participants was employed and thus excluded tridecane, 

isopropyl palmitate and lilial from the final data for further analysis. The final dataset consisting 

of 18 compounds was used for further data analysis.  

Given that nonanal and decanal were the most frequently recovered compounds in this 

study (97-100%), their emission fluxes were estimated using standard calibration curves ( 

Figure A3.1 in Appendix) as outlined in the Methods Section. Emission fluxes were calculated 

based on the sampling time and area of skin sampled and are reported in fmoles cm-2 min-1. The 

calculated emission flux range for nonanal was 105 – 1130 fmoles cm-2 min-1 and for decanal 

was 85 – 1333 fmoles cm-2 min-1. These emission fluxes are higher than others previously 

reported [43,68,69]. The highest emission flux calculated for nonanal was for a participant aged 

78 and the increased emission flux compared to literature is likely linked to increased age which 

will be discussed in further detail in section 3.3.  

 

(a) 
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Figure 3.2. (a) Distribution of compound classes recovered from individual skin volatile 

samples (Gender Age) according to chemical class and based on relative chromatographic peak 

area and (b) % frequency recovered for male (n=21) and female (n=39) participants (bolded 

compounds indicate omnipresence across male and female participants) (Dashed line = 30% 

frequency detection threshold and asterisks indicates compound omnipresence). 

 
3.3.2. Gender influences on the skin volatile emission 

Studies have shown that the human skin volatilome is influenced by gender. Our group 

[38], along with others [39] have shown a significant difference in the recovered abundances 

of long-chain volatile fatty acids (FAs) such as pentadecanoic and hexadecenoic acid between 

male and female participants. Similarly, increased abundances of both aldehydes and ketones 

in male participants has been reported compared to females [38]. Thus, differences between 

the volatile emission profiles across all male and female participants were investigated here. 

Male and female participants were categorised into two groups according to age; young (aged 

18-40; male: n=9 and female: n=21) (Fig 3.3 (a)) and old (aged 40-80; male: n=12 and female 

n=18) (Fig 3.3 (b)), similar to Gallagher et al’s study [65]. Comparative boxplots in Figure 3.3 

show compounds with significant differences in emissions between young and old male and 

female participants. A p-value threshold of 0.1 was applied in order to test for statistical 

significance. A significantly higher recovered abundance of aldehydes, hexanal (p=0.071), 

octanal (p=0.037), decanal (p=0.017), undecanal (p=0.0082) and dodecanal (p=0.077) was 

observed in young males compared to young females . Acetic acid was also significantly higher 

in young males (p=0.07). Skin surface pH across participants was also measured in this study 

(b) 
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and the greater acetic acid abundance in younger males compared with younger females is 

correlated with a lower skin surface pH (p= 0.081). No significance in the recovered 

abundances of longer chain VFAs were observed between young male and females. No 

significant differences between young male and female emissions of ketones, alcohols or esters 

were observed.  

Old males also had significantly increased abundances of four of the aldehydes, i.e., 

octanal (p= 0.058), nonanal (p= 0.0089), undecanal (p= 0.063), dodecanal (p= 0.097) compared 

to old females. Old females were observed to have a greater recovered abundances of isopropyl 

myristate compared to old males, where isopropyl myristate is an emollient commonly 

employed in cosmetic formulations [67].  

Canonical correspondence analysis (CCPA), a constrained ordination multivariate 

analysis technique used to model relationships between a quantitative set of variables and a 

qualitative/categorical set of variables, was also employed. CCPA attempts to maximise 

correlation within the dataset and understand what quantitative variables (recovered 

abundances of VOCs, skin surface pH, TDC) are most associated with a range of categorical 

variables (male, female, old, young). (Figure 3.3 (c)). The direction and length of the arrow 

indicates the quantitative variable’s correlation to the categorial variable lying in that 

direction/quadrant. CCPA analysis supports the results shown in Figure 3.3 (a-b) where the 

aldehydes, decanal, undecanal and dodecanal are increased in abundance in male participants 

in general. Similarly, isopropyl myristate correlates most strongly with female participants here 

and supports the data in Figure 3.3 (a-b).  

In terms of initial assessment of the VOC variables correlation with age, we can note 

the following from Figure 3.3 (c): 2-ethyl-1-hexanol and acetic acid correlate most strongly 

with young participants and nonanal, hexanal and benzyl alcohol correlate most strongly with 

old participants.   

Both analyses highlighted significant differences between age-grouped male and 

female volatile profiles suggesting that the volatile profiles of male and females in this sample 

set differ based on the acidic, aldehyde and ester emission thus when investigating the effect 

of age on volatile emissions both genders must be examined individually. 
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(b) 

(c) 
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Figure 3.3. Grouped boxplots comparing the abundances of compounds emitted with 

significant differences by (a) young males (n = 9) and females (n = 21) aged 18-40, (b) older 

males (n = 12) and females (n = 18) aged 40-80. Y-axis labels are displayed in scientific 

notation where ae+b = a × 10b. Statistical significance was calculated using the Wilcoxon 

signed rank test. Boxes represent the interquartile range: the line running across each box 

represents the 50th percentile (median), the top of the box represents the 75th percentile, and 

the bottom of the box represents the 25th percentile. The whiskers (error bars) represent either 

the smallest or largest value within 1.5 times the interquartile range above the 75th percentile 

or below the 25th percentile. Black dots above or below the boxes represent outliers that are 

greater than 1.5 times the interquartile range beyond either end of the box. 

(c) CCPA ordination of skin volatile emissions in relation to categorical variables describing 

age and gender (n=60 participants; male n=21, female n=39). 

 

3.3.3. Correlation of age with skin surface pH, TDC and the skin volatile emission 

 Correlations between skin surface pH, TDC and all selected volatile compounds with 

age for both male and female participants were investigated (Figure 3.4 (a-b) and results 

summarised in Table 3.1. Skin surface pH and TDC both significantly increase with age for 

males (skin surface pH: p = 0.045; TDC: p = 0.029) and females (skin surface pH: p = 0.002; 

TDC: p = 0.033), consistent with earlier literature [27,70] and links with various mechanisms 

[71,72] which are responsible for the acidification of skin that are thought to be disturbed in 

older skin [23–25,27]. These include a decreased sodium-hydrogen antiporter 1 (NHE1) 

expression [23], a reduced rate of breakdown of phospholipids into FFAs [71] and a reduced 

rate of breakdown of the filaggrin gene [73]. TDC is also known to increase with age and this 

is thought to be related to changes in the skin where water states shift from mostly bound to 

protein but as skin ages, this changes to a free state where water binds to itself in a tetrahedron 

confirmation due to altered protein folding [74–76]. 

In terms of VOCs, both males and females showed a down-regulation of recovered 

acetic acid abundance with age. As discussed previously, acetic acid is the product the 

breakdown of long-chain fatty acids by Propionibacteria and Staphylococci which are present 

on the skin. These bacteria, have been shown to decrease in abundance with aging [28,34,77] 

which may be linked to the decrease in acetic acid with age observed here. Moreover, this 

down-regulation of acetic acid abundance with age correlates with an increased skin surface 

pH (M: p = 0.044; F: p = 0.038). However, no significant age effects were noted for octanoic, 
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nonanoic and n-decanoic acid as the longer chain VFAs which are likely linked to endogenous 

production [58,78].  

The saturated aldehyde, nonanal, is a lipid peroxidation end-product of oleic acid, a 

major monounsaturated fatty acid component of sebum. It was observed to be significantly up-

regulated with age in both male (p =0.030) and female (p = 0.024) participants. This may be 

linked to increased oxidative stress in skin with age likely through both intrinsic and extrinsic 

aging [65]. Other saturated aldehydes, hexanal and undecanal were significantly upregulated 

in older females (p = 0.046, p = 0.073, respectively) but not in older males (p = 0.530, p = 

0.611, respectively). Hexanal, again, is a lipid peroxidation end-product that arises from the 

breakdown of linoleic and palmitoleic acids and is triggered by an increase in reactive oxygen 

species (ROS) such as ozone [79]. Undecanal is an end-product of the lipid peroxidation of the 

less abundant cis-heptadec-6-enoic acid in skin owing to its lower abundance recovered from 

skin [80].  

The alcohol, 2-ethyl-1-hexanol showed a significant decrease in abundance for both 

male (p = 0.0005) and female (p = 0.00002) participants with age. While this compound is 

known not to be derived from endogenous sources, it is known to be produced by microbial 

degradation of plasticisers such as diethyl phthalate (DEP), typically present in room air. Such 

plasticisers are also commonly used in fragrances and cosmetic products [81,82]. There is good 

evidence to show that these plasticisers could be metabolised by bacteria present on skin to 

produce 2-ethyl-1-hexanol [64], however no skin commensal(s) have been elucidated as being 

responsible for driving this metabolic process to our knowledge. It could be speculated that 

there are changes in the skin microbiome that occur with increased age [11] which may lead to 

a decreased ability of the microbiome to metabolise phthalates to produce 2-ethyl-1-hexanol. 

Furthermore, 2-ethyl-1-hexanol itself has been reported as a component of fragrances and so it 

also could be speculated that its higher abundances in younger participants may be linked to a 

more frequent use of fragrances compared to older participants [66]. However, in contrast to 

other fragrance-derived VOCs such as isopropyl myristate, no significance across genders was 

noted.  

Benzyl alcohol was up-regulated in older females (p = 0.085) but not in older males (p 

= 0.256). Benzyl alcohol is a frequently reported skin emission [55,83,84] which has been 

detected in the headspace of cultured S. epidermidis indicating that it may be a microbial 

metabolite produced on the skin [55]. Furthermore, there is evidence that benzyl alcohol can 

be oxidised at the skins surface via microbes to produce benzaldehyde [60,62]. It is 
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hypothesised here that alterations in the skin microbiome with age may reduce the efficiency 

of this process of oxidation of benzyl alcohol to benzaldehyde, however no significant change 

in benzaldehyde’s abundance was noted with age in this study.  

Finally, no significant change in abundance with age for either gender was observed for 

any of the ketones, hydrocarbons or esters recovered.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Spearman correlation plots of identified VOCs and age, skin surface pH, and TDC 

for (a) male (n = 21) and (b) female (n = 39) participants. Circle size and colour intensity 

represent the magnitude of correlation.  

Figure 3.4. Spearman correlation plot of identified volatile compounds with skin surface pH, 

TDC and age for (a) male (n=21) and (b) female (n=39) participants. Blue indicates a positive 

correlation and red indicates a negative correlation.   
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Table 3.1. Results of Spearman correlation for male and female participants of skin surface 

pH, TDC and selected VOCs as a function of age. Variables which show significant change 

(p<0.1) with age are bolded and arrows represent up-regulation (­) or down-regulation (¯). 

 

Variable 

Correla-on (coefficient r, p-value) 

Age 

Male Female 

Skin surface pH 0.440, 0.045 ­ 0.465, 0.002 ­ 

TDC 0.476, 0.029 ­ 0.342, 0.033 ­ 

Ace-c acid -0.622, 0.002¯ -0.469, 0.002 ¯ 

Octanoic acid -0.031, 0.895 0.146, 0.375 

Nonanoic acid 0.259, 0.256 -0.237, 0.146 

n-decanoic acid 0.033, 0.885 0.006, 0.969 

Hexanal 0.145, 0.530 0.320, 0.046­ 

Octanal -0.166, 0.472 0.024, 0.888 

Nonanal 0.473, 0.030 ­  0.359, 0.024 ­   

Decanal -0.124, 0.591 0.166, 0.313 

Undecanal -0.118, 0.611 0.290, 0.073 ­ 

Dodecanal 0.028, 0.904 -0.031, 0.852 

Benzaldehyde -0.165, 0.475 -0.081, 0.622 

6-methyl-5-hepten-2-one -0.094, 0.684 -0.042, 0.800 

Geranylacetone 0.107, 0.645 0.074, 0.653 

Benzyl alcohol 0.259, 0.256 0.279, 0.085 ­ 

1-dodecanol 0.307, 0.176 0.070, 0.673 

2-ethyl-1-hexanol -0.692, 0.0005 ¯ -0.621, 0.00002 ¯ 

Hexadecane -0.196, 0.393 -0.039, 0.815 

Isopropyl myristate -0.143, 0.536 0.206, 0.208 

 

 

CCA is a multivariate technique that identifies relationships between two sets of 

variables measured for the same sets of samples and can be considered as extension of the 

bivariate correlations shown by the Spearman correlation analysis. CCA analysis involves 

creating linear combinations of variables from each set of variables that maximises correlation 

between them and these are described as the canonical variates. Here, one canonical variate is 

comprised of the parameters age, skin surface pH and TDC (y-axis) and the other is comprised 
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of the age significant volatiles (Table 3.1) including acetic acid, hexanal, nonanal, undecanal, 

benzyl alcohol and 2-ethyl-1-hexanol (x-axis). Figure 3.5 shows the CCA scores plots for both 

males (Fig 6 (a)) and females (Fig 6 (b)). In each score plot, each point corresponds to the 

combined data of age, skin surface pH, TDC and volatile profile from the same participant. 

Results show correlations of 0.936 between the components for male participants and 0.831 

between the components for female participants. A higher correlation between components 

was observed for male participants and may be linked to the increased variability in younger 

female samples that was not observed in younger male samples. This higher correlation 

observed in males compared to females may also be linked to sample size. For example, there 

were fewer male samples (n=21) collected compared to female samples (n=39) and the lower 

sample number for males may explain the increased correlation observed. In order to further 

understand sample size effects equal sample numbers for both male and female should be 

collected.  

 

 

Figure 3.5. CCA score plots between the selected VOCs (x-axis) and the parameters age, skin 

surface pH and TDC (y-axis) using the first canonical components for (a) male (n=21) and (b) 

female (n=39) participants. Grey area show the 95% confidence intervals of the CCA scores 

plots. 

 
Finally, multiple linear regression (MLR), a statistical approach that uses several 

variables to predict the outcome of a response variable, was employed to determine if age can 

be predicted for a participant based on the data collected in this study. Initially, a model 

(a) (b) 
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comprising of the 6 compounds that change significantly with age (Table 3.1) was built where 

it explained 68% of the variance in the data with an approximate error rate of 26%. Following 

this skin surface pH, TDC and gender were included in the model in order to see if they improve 

its capability to predict age.  

Figure 3.6 shows a plot generated where calculated age, obtained from the MLR model 

including skin surface pH, TDC, gender and skin volatiles is plotted against the actual age of 

participants. The inclusion of skin surface pH, TDC and gender improved the MLR predictive 

models capability of predicting age where approximately 75% of the variance in the male and 

female data is explained with an approximate 24% error rate. Such a MLR model could have 

the capability to predict the age of a participant based on skin surface pH, TDC, gender and the 

6 age significant volatile compounds.  

 

 
Figure 3.6. MLR predictive model for age using skin surface pH, TDC, gender and age 

significant volatile compounds as predictors for n= 60 participants (male; n=21, female; n=39). 

Grey area show the 95% confidence intervals of the MLR regression model. 
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3.4. Conclusion 

Overall, this work provides a comprehensive analysis of the volatile profile emitted by 

skin and establishes differences related to gender and age via HS-SPME sampling coupled with 

GC-MS analysis. The main objectives of this study were: (1) to characterise the skin volatile 

emission profile; (2) assess gender influences on the skin volatile emission; and (3) investigate 

changes in the skin volatile emission, skin surface pH and TDC with respect to age. 

The observed human volatilome was comprised of a variety of compound classes 

including acids, aldehydes, ketones, alcohols, hydrocarbons and esters with variability in 

recovery and relative abundances across each participant. Gender influences on the skin 

volatile emission were observed. The acidic, aldehyde and ester emissions of male and female 

participants showed significant differences indicating that both data sets should be treated 

individually when assessing changes in VOC emissions with age. Statistical analysis of the 

volatile profile with age showed that there were 6 volatile compounds (acetic acid, hexanal, 

nonanal, undecanal, benzyl alcohol and 2-ethyl-1-hexanol) that changed in abundance with 

increasing participant age. Finally, MLR models showed that skin surface pH, TDC, gender 

and age-significant volatile compounds  allowed for improved prediction of age compared to a 

model only containing age-significant compounds.  

This work allows us to understand the volatile profile for healthy skin across gender 

and age. Changes in the volatile profile with age may prove useful when diagnosing disease in 

elderly patients. Furthermore, assessment of these changes may also prove useful in the 

development of anti-aging treatments in the cosmetic industry.  
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Abstract 

Skin is the largest organ of the body and is in constant contact with the surrounding 

environment which can affect its homeostasis and delicate redox balance. Nuclear factor 

erythroid 2-related factor-2-Kelch-like ECH-associated protein 1 (Nrf2-Keap1) pathway is a 

major cellular defence mechanism which affords protection against environmental insults and 

contributes to the maintenance of a healthy redox state. As part of normal metabolism, the skin 

passively and continuously emits volatile compounds which are principally derived from 

glandular secretions and from their interaction with microorganisms present on the skin’s 

surface. Specific classes of compounds, including a,b-unsaturated and, more recently, 

saturated volatile aldehydes have been demonstrated as activators of this protective mechanism 

through either direct or indirect activation. Moreover, most this work to date examines cellular 

response through the treatment of cells in the liquid phase.  

 Initially, this works aims to further understand the impact of skin derived compounds 

on host skin cells’ signalling pathway, specifically the Nrf2-Keap1 mechanism. In agreement 

with previous literature, the saturated aldehydes nonanal and decanal were shown to trigger 

translocation of the Nrf2 protein to the nucleus. Here, the ability of other frequently emitted 

skin volatiles, such as the ketone, 6-methyl-5-hepten-2-one, to activate the Nrf2 mechanism 

was investigated and no activation was observed. Elucidation of the mechanism by which the 

Nrf2-Keap1 pathway was triggered was also investigated and reactive oxygen species (ROS) 

generation was shown to increase when cells were treated with nonanal and decanal but 6-

methyl-5-hepten-2-one indicating indirect activation of the mechanism. Furthermore, most 

research to date assesses cellular response through the treatment of cells in the liquid phase and 

lacks the ability to investigate volatile communication between compounds emitted by skin 

and cells leading to cellular responses. In order to investigate the volatile communication 

between nonanal and human keratinocyte cells, a proof of concept study was carried and results 

showed communication between nonanal in gas phase and the cells by means of increased ROS 

generation.  

Overall, this work aims to give a deeper understanding of how skin-derived volatile compounds 

can impact the host skin cells’ signally pathways, specifically the Nrf2-Keap1 mechanism.   
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4.1. Introduction  

Exploiting volatile biomarkers emanating from the skin as a source of information to 

probe the body’s biochemistry has been of great interest recently. The volatile profile from skin 

contains information on cellular processes within the body and thus can offer insight into the 

metabolic condition of an individual. Emitted volatiles are comprised of a variety of different 

compound classes including alkanes, alkenes, aldehydes, acids, ketones, alcohols, sulphur-

containing compounds and nitrogen-containing compounds from both endogenous and 

exogenous sources [1]. Volatile profiles reflect metabolites of the dermal and epidermal cellular 

layers where compounds are carried to the skin via the bloodstream, as well as volatile 

metabolites that are derived from symbiotic bacteria that live on the skin and from 

metabolization and transformation of secreted compounds in sweat and sebum [2,3]. Skin is 

inhabited by a wide variety of bacterial species with each site hosting a specific niche [4]. 

Staphylococcus aureus and Staphylococcus epidermis are two of the most abundant bacterial 

species present on the skin and contribute to the production of many volatile metabolites 

emitted from skin [5].  

Skin is the outermost protective barrier and is in constant contact with the environment 

around us and is exposed to stressors from both endogenous sources, such as oxidative 

metabolism by-products in the mitochondria and exogenous sources including UV light, and 

environmental pollution such as ozone [6]. All of these insults trigger a downstream cellular 

production of reactive oxygen species (ROS), where in high concentrations could have 

deleterious outcomes for cells and contribute to phenomena such as skin aging where there is 

augmented ROS production and reduced levels of enzymatic and non-enzymatic protectors 

[7][8]. This indicates that skin is constantly in a state of alert in order to protect against such 

insults and maintain its physiological redox homeostasis [9]. Given that the skin is constantly 

exposed to both endogenous and exogenous insults that can challenge its homeostasis, it 

doesn’t possess a resting state referred to as a baseline state which allows it to have a dynamic 

equilibrium [10][11].  

Nuclear factor erythroid 2-related factor-2-Kelch-like ECH-associated protein 1 (Nrf2-

Keap1) pathway is a major cellular defence mechanism within the skin that helps to modulate 

oxidative stress by inducing phase II enzymes such as glutathione S-transferase (GST), quinone 

reductase NAD(P)H (NQO1), heme oxygenase-1 (HO-1), thioredoxin reductase (TrxR), 

catalase (CAT), and superoxide dismutase (SOD) [12] which can resolve oxidative stress and 

promote cellular survival [12][13][14]. Found in the cytoplasm under normal basal condition, 
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the Nrf2 transcription factor is bound to two molecules of the cysteine rich metalloprotein 

Keap1 leading to its ubiquitination and consequent proteasomal degradation. The introduction 

of oxidative stress allows the electrophile to recognise certain cysteine residues on the Keap1 

protein and oxidises them thus inhibiting the Keap1 proteasomal degradation of Nrf2, which 

can be stabilised and translocated to the nucleus [12,15]. After accumulation in the nucleus, 

Nrf2 forms a complex with Maf proteins which then binds to the antioxidant response element 

(ARE) and triggers phase II enzymes (Scheme 4.1) [16,17]. Activation of Nrf2-Keap1 

signalling pathway can be achieved by either direct or indirect activation. Direct activation is 

as described above where the electrophile binds to Keap1, and indirect activation occurs when 

there is increased production of endogenous ROS in low concentrations [18-20]. Direct 

activation has been shown to be oxygen-independent while the indirect mechanism of 

activation requires constant activation by endogenously produced compounds of this 

mechanism. Indirect activation within the skin is beneficial and may help to alleviate any big 

oxidative stress events which may occur. This has led to the skin being described as having a 

hormetic mechanism, where low doses of oxidative driving sources is needed and proves 

beneficial to cells whereas high doses can be toxic to cells and cause cellular damage and death 

[21-23]. 4-hydroxynonenal (HNE), an a,b-unsaturated advanced lipid peroxidation end 

product (ALE) and common skin metabolite, was shown to directly activate the Nrf2-Keap1 

pathway, acting as a Michael acceptor, by changing the conformation of Keap1 [24–27]. These 

low concentrations also induce an adaptive response via the induction of thioredoxin, a phase 

II enzyme, as a result of the activation of the Nrf2 signalling pathway thus protecting cells 

against forthcoming oxidative stress [23].  

Aldehydes and ketones are frequently reported to be emitted from skin in high 

abundances and comprise a large fraction of the human volatilome [24]. Aldehyde emissions 

from skin are considered to be ALEs generated from oxidative stress reactions within skin 

while ketone emissions are oxidative degradation products of squalene [30, 31]. Recent work 

has shown that cutaneous volatiles such as the saturated aldehydes, nonanal and decanal and 

the aromatic aldehyde, benzaldehyde, trigger Nrf2-Keap1 activation through an indirect, ROS-

dependant mechanism [27]. Mitochondria are the common source of intracellular ROS 

generation and studies have shown that an augmentation in ROS may be accompanied by 

mitochondrial depolarization. A significant change in mitochondrial membrane potential was 

reported for nonanal, decanal and benzaldehyde thus eluding to an augmentation in ROS 



 126 

entities within the cell. Free radical scavengers as well as anoxia conditions were also 

employed to further understand this indirect mechanism of activation. 

Much of this work has examined cellular response through the treatment of cells in the 

liquid phase with many different methods developed for assessing cell-to-cell interactions 

including lab-on-a-chip and 3D microfluidic platforms. While these methods of analysis have 

great potential to understand cell-signalling pathways in liquid phase metabolites, they are 

limited in their ability to assess cell-signalling triggered by compounds emitted in the volatile 

phase [28–30]. Recent studies have shown that compounds emitted in the volatile phase either 

endogenously from cells themselves [31] or from microbial populations [32] can trigger 

cellular responses within cells and within neighbouring cells. Human organotypic lung models 

have been developed which integrate an air-liquid interface (ALI) to assess how volatile 

emissions from fungal pathogens can trigger an inflammatory, cytokine response within cells 

[32]. In an ALI culture, culture medium is removed from the top of the cells thus exposing the 

cells to the surrounding air and the bottom of the cells are in contact with cell culture medium, 

allowing nutrient supply [33]. The development of such models that integrate ALI cultures 

attempt to close the in vitro-in vivo gap to allow for investigation of cell signalling within the 

volatile phase.  

Here, this work aims to further investigate the impact of skin-derived compounds at 

different concentrations, specifically the aldehydes, nonanal, decanal and the ketone, 6-methyl-

5-hepten-2-one, on host skin cells’ signalling pathways, specifically the Nrf2-Keap1 

mechanism. Further elucidation of the mechanism by which this pathway is activated is 

investigated by monitoring ROS generation within cells after exposure. Moreover, most studies 

to date show the response of cells to treatment of compounds, that are typically emitted as 

volatiles from skin, dissolved in the liquid phase in cell media. Here, we attempt to simulate 

an enclosed environment where cells are exposed to differing concentrations of nonanal in the 

volatile phase as a proof of concept that the skin-derived volatile, nonanal, can trigger cell 

signalling pathways within a skin cell itself and also within neighbouring cells.  
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Scheme 4.1. Schematic showing Nrf2 bound to Keap1 protein under normal conditions and 

release of Nrf2 protein under oxidative stress followed by Nrf2 nuclear translocation.  

4.2. Materials and methods 

4.2.1. Cell lines and culture conditions 

Normal human epidermal keratinocytes (adult NHEKs) (Passage 2) were purchased 

from Lonza Inc. (Belgium) and were cultured in medium comprised of KBM Gold Basal 

Medium and KGM Gold SingleQuots supplements both supplied by Lonza. The cultures were 

incubated in 5% CO2 at 37°C. Upon arrival, cells were thawed in a water bath at 37°C and were 

seeded in a T75 cm3 flask and allowed to grow for 5 days to ensure 70-80% confluency. Cells 

were then subcultured (1:3) once 70-80% confluency was reached. Cells at passage 3 or 4 were 

used for all experiments and cell media was changed every 2-3 days. Cell morphology was 

examined using a light microscope and images were taken at 10X magnification.  

 

4.2.2. Cell cytotoxicity assay 

Cells were trypsinised as per outlined protocol using the ReagentPack from Lonza. 100 

µL of a 3x104 cells/ml solution was seeded in a 96-well plates (36 wells seeded) (Greiner 

CELLSTAR clear 96-well plate, Sigma Aldrich, Ireland). After 24 hours, cells were treated 

with 2X concentrations of nonanal, decanal and 6-methyl-5-hepten-2-one (Sigma Aldrich, 

Ireland) in 100 µL of media. In order to prepare the varying concentrations of the compounds, 

a 2M in dimethyl sulfoxide (DMSO) (Sigma Aldrich, Ireland) stock solution of each compound 
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was prepared and concentrations ranging from 0.0007 – 7000 µM were prepared by serial 

dilution in cell media (n = 4 for each concentration). DMSO was initially used as it is typically 

the solvent employed for cytotoxicity assays in the lab where the work was carried out. Cells 

were also treated with DMSO control whereby the final concentration of DMSO was 0.7%. 

Cells were exposed to the compounds for 24 h or 72 h in 5% CO2 at 37°C. 20 µL of the cell 

viability reagent, PrestoBlue (ThermoFisher Scientific, Ireland) was then added and incubated 

for a further 5 h in 5% CO2 at 37°C. A Tecan Infinite F200 microplate reader, in top reading 

mode, with an excitation wavelength of 560 nm and an emission of 590 nm, was then used to 

read fluorescence. Background fluorescence was calculated using a blank consisting of cell 

media only. Percentage viability was calculated relative to untreated controls (cells and media).  

 
Figure 4.1. Schematic showing the protocol for the cell cytotoxicity assay.  

 
4.2.3. Reactive oxygen species (ROS) assay  

Cells were trypsinised and 100 µL of a 3x104 cells/ml solution was seeded in a black-

walled clear bottom 96-well plates (40 wells seeded) (Corning clear bottom black 96 well plate, 

Fisher Scientific, Ireland).  

 

4.2.3.1. Liquid phase 

After 24 h incubation in 5% CO2 at 37°C, media was aspirated from cells and cells were 

simultaneously treated with 100 µL varying 1X concentrations of nonanal, decanal and 6-

methyl-5-hepten-2-one in cell media and 100 µL of a dichlorofluorescein diacetate (DCFDA)-

based ROS detection agent (ROS-ID Total ROS detection kit, ENZO life Sciences) for both 2 

h and 24 h in 5% CO2 at 37°C. A stock solution of 100 mM of each compounds in N,N-

dimethylformamide (DMF) was prepared prior to preparation of concentrations ranging from 

0.05 – 100 µM diluted in cell media. 100 µL of a positive, ROS-inducing control, pyocyanin 
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(100 µM), was also used to treat cells. Fluorescence was read using a Tecan Infinite F200, 

using bottom reading mode and an excitation wavelength of 485 nm and emission of 535 nm.  

 
Figure 4.2. Schematic showing the protocol used for ROS assay in the liquid phase. 

4.2.3.2. Volatile phase 

After 24 h incubation in 5% CO2 at 37°C, media was aspirated from cells and 20 µL of 

media was added to half of the wells (n = 27 wells) and for the other half of the wells surface 

media was removed leaving residual media on the cells (n = 27 wells). The 96-well plates with 

the lid on were then carefully placed in a sampling container (‘Good For You’ 850 ml 

Borosilicate glass containers, dimensions: 19.3 x 13.6 x 6.7 cm, Amazon UK). Following this, 

0.1 µL (16,500 ppbv nonanal in gas phase in 850 ml headspace) or 0.5 µL (82,600 ppbv nonanal 

in gas phase in 850 ml headspace) of nonanal was pipetted either in the middle of the right 

hand side (RHS) or left hand side (LHS) of the container. A control was carried out whereby 

no nonanal was pipetted into the container. The lid was removed from the 96-well plate and 

the lid of the container was then put on. These containers have a snap-lock silicone seal which 

enhances sterility. The container containing the 96-well plate was then placed in a static 

incubator at 37°C for 2 hours. Following this, the 96-well plate was removed from sampling 

container, all media was aspirated and 100 µL of fresh media was the added to all wells 

followed by the addition of 100 µL of the ROS detection agent. The cells were then incubated 

in 5% CO2 at 37°C for 2 h with the detection agent. Again, fluorescence was read using a Tecan 

Infinite F200, using bottom reading mode and an excitation wavelength of 485 nm and 

emission of 535 nm.  



 130 

 

Figure 4.3. Schematic showing protocol used for ROS assay in the volatile phase.  

4.2.4. Immunofluorescence 

4.2.4.1. Slide preparation  

Cells were trypsinised and 200 µL of a 5x104 cells/ml solution was seeded in glass 

bottomed 8-well plates (Ibidi, 80827) and allowed to grow in 5% CO2 at 37°C for 24 h. After 

24 h the cell media was aspirated and cells were treated with 200 µL of varying 1X 

concentrations (0.05 – 100 µM) of nonanal, decanal and 6-methyl-5-hepten-2-one prepared in 

cell media for 5 h and 24 h. The effect of different vehicles including DMSO and DMF was 

also investigated. For this, 100 mM of nonanal, decanal and 6-methyl-5-hepten-2-one in 

DMSO and DMF were prepared and from these 0.05 – 100 µM concentrations were prepared 

by dilution in cell media.  

 

4.2.4.2. Immunofluorescence staining  

After 5 h or 24 h, media was removed from cells and the cells were washed three times 

using a wash buffer (phosphate buffered saline (PBS), 0.1% tween 20 (Sigma-Aldrich, P1379) 

and 2% bovine serum albumin (BSA)). Cells were then fixed using 4% formaldehyde for 20 

min, permeated with 0.5% Triton-X 100 for 45 min (Sigma Aldrich, Ireland) and blocked with 

10% foetal bovine serum (FBS) in PBS for 1 h 30 min. The cells were incubated with primary 

rabbit-antihuman Nrf2 antibody (1:200) (ab62352, Abcam, Cambridge, UK) overnight at 4°C. 

The next day the cells were further incubated in the primary antibody for 45 min at room 
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temperature (RT). The primary antibody was removed and then cells were washed three times 

using the wash buffer solution. The cells were then incubated with a goat anti-rabbit IgG (H+L) 

cross-adsorbed secondary antibody, AlexaFluor 488 (1:1000) (Invitrogen, ThermoFisher 

Scientific, Ireland, A11008) for 1 h at RT in the dark. Secondary antibody was removed, and 

cells were washed three times with the wash buffer solution and then counterstained with DAPI 

(1:2500) for 3 min and the washed again with wash solution three times before the addition of 

an antifade mountant.  

 

4.2.4.3. Confocal imaging 

The immunofluorescence was observed using a Leica DFC500 microscope equipped 

with a CCD camera and EBQ 100 power supply. AlexaFluor 488 was excited at 499 nm using 

a PicoQuant laser unit and the emission was captured between 490 and 566 nm. DAPI was 

excited at 405 nm and emission was recorded between 387 and 474 nm. Images were taken 

using 20X magnification.  

 

4.2.5. Statistical analysis 

Each experiment was performed with at least 3 or 4 technical replicates and average 

values are given with standard error of the mean (SEM). Significant differences were tested for 

using the student’s t-test (two tailed with unequal variances). 

 

4.3. Results and discussion 

4.3.1. Morphology of NHEKs  

Initially, the morphology of the adult NHEK cells was examined at different stages of 

confluency. These NHEK cells had a doubling time of 24 hours and are guaranteed for 18 

population doublings. Figure 4.4 (a) shows NHEK cells 2 days after being thawed back at 

approximately 20-30% confluency. Cells were allowed to grow for a further 3 days before they 

reached 60-70% confluency and were subcultured (Fig 4.4 (b)). These cells were subcultured 

at 60-70% confluency as they can become irreversibly contact-inhibited which may trigger 

cellular senescence if allowed to grow past 80% confluency. 
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Figure 4.4. NHEK cells images at (a) 20-30% confluency and (b) 60-70% confluency. Images 

taken at 10X magnification. Scale bars = 100 µm. 

4.3.2. Cytotoxicity assay 

As discussed in chapter 2, nonanal and decanal and 6-methyl-5-hepten-2-one are 

compounds common to the skin volatile profile and have been frequently reported in literature. 

Following assessment of the morphology of NHEK cells, the cytotoxicity of the two aldehydes, 

nonanal and decanal and the ketone, 6-methyl-5-hepten-2-one, toward the cells was 

investigated after exposure for 24 h and 72 h. Cells were treated with various concentrations 

of the compounds ranging from 0.0007 – 7000 µM and the cytotoxicity was determined by 

using the reazurin-based cell viability reagent, PrestoBlue. Reazurin is a non-toxic, cell-

permeable compound that is blue in colour and exhibits no fluorescence. When this dye enters 

live cells, the reducing environment of viable cells reduces reazurin to resorufin and the 

compound is red and exhibits high fluorescence. Figure 4.5 shows examples of the visual colour 

difference observed when cells were treated with various concentrations of nonanal (Fig 4.5 

(a)) and decanal (Fig 4.5(b)) for 72 h followed by incubation with the reazurin-based dye for 5 

h.  

 

 

 

 

 

 

 

 

(a) (b) 



 133 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.5. NHEK cells after treatment with 0.0007 – 7000 µM concentrations of (a) nonanal 

and (b) decanal for 72 h followed by incubation with PrestoBlue for 5 h (all solutions contained 

less than 0.7% DMSO). 

The cells were treated with a wide concentration range of each compound to understand 

if the compounds had cytotoxic effects on the cells and at what concentration the percentage 

cell viability is decreased. Figure 4.6 shows the % cell viability after exposure to nonanal, 

decanal and 6-methyl-5-hepten-2-one for 24 h (Fig 4.6 (a)) and 72 h (Fig 4.6 (b)). This data 

shows that the concentrations of all three compounds between 0.0007 – 7 µM did not have any 

effect on cell viability for both 24 h and 72 h time-points. Concentrations of compounds from 

70 – 7000 µM exhibited some cell death with cytotoxicity being higher after 72 h treatment 

compared with 24 h treatment. Cell viability was reduced by approx. 2% and 14% after 

exposure to 70 µM nonanal for 24 h and 72 h, respectively. The ketone, 6-methyl-5-hepten-2-

one, exhibited slightly higher cytotoxicity compared to nonanal with a decrease in cell viability 

by 3% for 24 h and 15% for 72 h exposure to 70 µM 6-methyl-5-hepten-2-one. Decanal 

exhibited greater cytotoxicity compared with nonanal and 6-methyl-5-hepten-2-one with 7% 

cell viability reduction following exposure to 70 µM decanal after 24 h and 21% after 72 h 

treatment. Concentration from 700 – 7000 µM caused significant cell proliferation inhibition 

with all cells being completely wiped-out following exposure to 7000 µM of each compound. 
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A vehicle control was also included whereby the final concentration of DMSO was 0.7% and 

no cytotoxicity for such a concentration was observed.  

Based on the results of this cytotoxicity assay, a concentration range of 0.05 – 100 µM of each 

compound was employed for all subsequent experiments. 

 
Figure 4.6. Viability of NHEK cells after (a) 24 h and (b) 72 h treatment with nonanal, decanal 

and 6-methyl-5-hepten-2-one.  

4.3.3. Nrf2 translocation to the nucleus  

Following the selection of non-toxic concentrations of the compounds, cells were 

treated with these compounds in varying concentrations in order to investigate if they trigger 

the translocation of the Nrf2 protein from the cytoplasm to the nucleus. Here, the NHEK cells 

were stained with an Nrf2 antibody and fluorescent secondary antibody following their 

exposure to concentrations ranging from 0.05 – 100 µM nonanal, decanal and 6-methyl-5-

hepten-2-one to demonstrate Nrf2 intracellular translocation. 50 µM tert-butyl-hydroquinone 

(tBHQ) served as a positive control (Fig 4.7 (a)). The use of different vehicles, including 

DMSO and DMF were explored along with differing treatment times including 6 h and 24 h.  

The ratio (nuc/cyto) between the fluorescence signals obtained from the cells’ nucleus 

and cells’ cytoplasm was used to quantify the nuclear translocation of the protein. This is a 

commonly used metric for assessing the nucleocytoplasmic distribution of a cell. When this 

value is less than 1 it means the protein of interest is predominately located in the cytoplasm. 

Values greater than 1 indicate translocation of the protein to the nucleus and values equal to 1 

means the protein is distributed in equal concentration in both the nucleus and cytoplasm. 

Initially, cells were exposed to VOCs for 6 h (Fig 4.7). The non-treated (NT) control exhibited 

a nuc/cyto ratio of close to 1, indicating that the Nrf2 protein is evenly distributed between 

nucleus and cytoplasm.  
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Translocation of the Nrf2 protein to the nucleus was demonstrated in NHEK cells 

following exposure to aldehydes including nonanal (Fig 4.7 (b)) and decanal (Fig 4.7 (c)) in 

cell media and DMF for 6 h. These results of Nrf2 activation by saturated aldehydes common 

to the skin volatile profile are supported by Ron-Doitch et al’s work [27]. Their work examined 

activation of the pathway using concentrations from 2 – 20 µM whereas this work investigates 

a wider concentration range of 0.05 – 100 µM, where the lower concentrations investigated are 

relative to the physiological emission of nonanal and decanal from skin [24,34], as outlined in 

Chapter 3. A significant increase in nuc/cyto ratio was demonstrated with increasing 

concentrations of both nonanal and decanal (Fig 4.7 (e)). The highest nuc/cyto ratio was 

observed for 50 µM of nonanal and decanal followed by a decrease after treatment with 100 

µM which may be linked to the cytotoxic effect exhibited by cells treated with higher 

concentration of the two compounds. In comparison, translocation was not observed for the 

ketone, 6-methyl-5-hepten-2-one after 6 h of treatment (Fig 4.7 (d) & (e)), this is thought to be 

linked to the mechanism by which the Nrf2 pathway is induced and will be discussed in section 

4.4.3.  
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Figure 4.7. Nuclear translocation of Nrf2 protein visualised by immunofluorescent staining 

after treatment for 6 h with (a) 50 µM tBHQ in cell media and various concentrations of (b) 

nonanal, (c) decanal and (d) 6-methyl-5-hepten-2-one in cell media and (e) nucleus/cytoplasm 

fluorescent intensity ratio quantified using ImageJ software. Images taken at 20X 

magnification. Scale bars = 100 µm. All values shown are the mean nuc/cyto ratio for n=10 

cells± standard error of mean (SEM). Student’s t-test (two tailed with unequal variances) was 
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performed to test significance of nuclear translocation between cells and media (control) and 

treatments (nonanal, decanal, 6-methyl-5-hepten-2-one and tBHQ), (ns = not significant, * 

p<0.05, ** = p<0.01 and *** = p<0.001).  

Moreover, no translocation of Nrf2 protein was observed when NHEK cells were 

treated with nonanal and decanal for 24 h indicating that the mechanism by which the 

translocation is activated by has ceased and keap1, which is a negative regulator of Nrf2, has 

sequestered the Nrf2 protein in the cytoplasm again (Fig 4.8 (a)).  

Furthermore, results also showed that when cells were exposed to varying concentrations of 

the compounds dissolved in DMSO there was no translocation of the Nrf2 protein to the 

nucleus. Figure 4.8 (b) also shows the lack of Nrf2 nuclear translocation when NHEK cells 

were treated with 50 µM nonanal and decanal dissolved in DMSO for 6 h. This is thought, 

again, to be related to the mechanism by which Nrf2 translocation is induced and also related 

to the fact that DMSO can act as a free radical scavenger, thus inhibiting hydroxyl radical 

generation in cells [35]. 
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Figure 4.8. Nuclear translocation of Nrf2 protein visualised by immunofluorescent staining 

after treatment with (a) 50 µM nonanal and decanal in cell media for 24 h and (b) 50 µM 

nonanal and decanal in DMSO vehicle for 6 h. Images taken at 20X magnification. Scale bars 

= 100 µm.  

4.3.4. Elucidation of the mechanism of Nrf2 induction 

4.3.4.1. Investigation of ROS generation induced by compounds in liquid phase 

Following confirmation of the Nrf2 proteins translocation to the nucleus of NHEK cells 

following treatment with the saturated aldehydes, nonanal and decanal, the mechanism by 

which this translocation is activated by was investigated. Previous studies have shown that 

tBHQ, the positive control employed here induces intracellular oxidative stress thus leading to 
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the activation of the Nrf2-keap1 cell signalling pathway [36]. A recent study by Ron-Doitch et 

al partially outlines the mechanism of pathway activation by the saturated aldehydes nonanal 

and decanal and shows an increase in mitochondrial membrane potential which indicates 

increased ROS production by these compounds and thus indirect activation [27].  

Here, ROS production by NHEK cells following exposure in the liquid phase to 

nonanal, decanal, 6-methyl-5-hepten-2-one and the positive Nrf2 inducer, tBHQ was 

monitored via the fluorescent probe, DCFDA in order to further elucidate the mechanism by 

which these saturated aldehydes induce the Nrf2-keap1 cellular defence mechanism. Given 

that Nrf2 translocation was induced by nonanal, decanal and tBHQ, ROS production following 

their exposure was monitored for both 2 h and 24 h whereas ROS generation by 6-methyl-5-

hepten-2-one was only monitored for 2 h. All compounds here were dissolved in DMF (final 

concentration = 0.1%) (no ROS elevation observed) as DMSO is known to be a free radical 

scavenger, thus limiting ROS production within the cells.  

Figure 4.9 (a) shows ROS generation after 2 h exposure to nonanal, decanal, 6-methyl-

5-hepten-2-one and tBHQ. Exposure to nonanal and decanal show significant elevation in ROS 

for all concentrations (0.05 – 100 µM) while exposure to the ketone, 6-methyl-5-hepten-2-one 

showed no significant elevation in ROS after treatment and may be linked to ketones abilities 

to decreases oxidative stress through the scavenging of free radicals. Further work is needed to 

characterise and understand the response of keratinocyte cells toward ketones such as 6-

methyl-5-hepten-2-one. ROS generation by tBHQ was also monitored after 2 h in order to 

elucidate the mechanism by which it activates the Nrf2 pathway and a significant increase in 

ROS production was observed (p<0.001). Studies are conflicting around the mechanism by 

which tBHQ activates the Nrf2 pathway with some studies showing indirect activation through 

an augmentation of mitochondrial ROS while others have shown direct activation by 

interacting with thiol groups of cysteine molecules on the keap1 protein thus inhibiting its 

ability to repress Nrf2 [37]. 

After treatment for 24 h, a significant elevation in ROS generation is only observed for 

nonanal at 100 µM while, albeit lower than for 2 h treatment, a significant generation is 

observed for decanal between 0.5 – 100 µM. tBHQ also shows significant elevation in ROS 

levels after treatment for 24 h. Comparing 2 h treatment with 24 h treatment shows that ROS 

generation has decreased after 24 h which may be linked to the instability of ROS within the 

cell. The significant increase in ROS production within the cells suggest that the mechanism 

by which the Nrf2-Keap1 pathway is activated by is indirect due to an augmentation of ROS 
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species. It could be hypothesised that nonanal and decanal provide an adaptive response, in a 

similar way to HNE, albeit by an indirect mechanism, that causes the production of phase II 

enzymes following translocation of Nrf2 to the nucleus which may provide cells with 

protection against further oxidative stress. 

  

 

 

 

 

 

 

 

 

Figure 4.9. Endogenous ROS production after treatment of NHEK cells with (a) nonanal, 

decanal, 6-methyl-5-hepten-2-one and tBHQ for 2 h and (b) nonanal, decanal and tBHQ for 24 

h. All values shown are the mean of n=4 technical replicates ± standard error of mean (SEM). 

Student’s t-test (two tailed with unequal variances) was performed to test significance of ROS 

generation between cells and media (control) and treatments (nonanal, decanal, 6-methyl-5-

hepten-2-one and tBHQ), (ns = not significant, * p<0.05, ** = p<0.01 and *** = p<0.001).  

4.3.4.2. Investigation of ROS generation induced by nonanal in gas phase 

Following analysis of the compounds in the liquid phase and their ability to generate 

ROS, the ability of nonanal in the volatile phase to generate intracellular ROS was investigated. 

This work aims to understand if nonanal, in the volatile phase, generates ROS within NHEK 

cells which in turn may lead to the activation the Nrf2 pathway. As discussed in Chapter 3, 

nonanal is emitted from skin in the volatile phase in a concentration range from 0.625-20 ppb, 

with average emission from a healthy population being 2.42 ppb. This work aims to understand 

if nonanal, in the volatile phase, generates ROS within NHEK cells which in turn may lead to 

the activation the Nrf2 pathway. Cells were treated with 0.1 µl and 0.5 µl of nonanal in an 850 

ml headspace which equate to 16,500 ppbv and 82,600 ppbv, where headspace concentration 

was calculated using the ideal gas law [38]. Concentrations much higher than the physiological 

range were employed in order to initially to try and show proof of concept of the ability of 
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volatile nonanal to generate ROS within cells. Figure 4.3 above outlines the protocol followed 

for ROS generation assessment in the volatile phase. Figure 4.10 below shows the set-up of the 

96-well plate for these experiments where n= 27 wells have cells with 20 µl of media on them 

and n=27 well have cells with residual media on them for the duration of the exposure to 

nonanal in gas phase. Columns are labelled 1-9 for ease of analysing results.  

 
Figure 4.10. Layout of 96-well plate for ROS volatile assay where n=27 wells have cells with 

20 µl and n=27 well have cells with residual media on them. 0.1 µl or 0.5 µl of nonanal was 

pipetted either on the LHS or RHS of well plate as shown here. Columns are labelled 1-9 for 

easy interpretation of results.  

 

ROS generation within cells was assessed both with 20 µl and with residual media. 

Cells with residual media attempt to mimic skin whereby skin is generally a relatively dry 

environment. Another reason for assessing the response of cells with residual media is that 

nonanal has low solubility in water thus indicating that it would not fully dissolve in cell media 

which is primarily aqueous-based and so the use of media may limit ROS generation within 

cells due to the low partition coefficient between nonanal in the gas phase and cell media.  

A major limitation associated with using cells with residual media is that the lack of 

media itself can cause stress on the cells which may lead to increase in ROS generation. 

Controls whereby the cells were exposed to a headspace of the same volume without nonanal 

were employed to understand the effect residual media on the cells has with regard to ROS 

generation. The DCFDA fluorescence fold change between cells with media and cells with 

residual media showed that the lack of media on cells showed a significant increase in ROS 

production (p=<0.01) indicating that they are under stress (Fig 4.11). This increase in ROS 

showed the need for a control to be run each time in order to understand generation of ROS by 

cells themselves without the presence of nonanal. Such controls proved crucial in the data 
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processing where each well number had its own control for each condition and this was used 

to calculate DCFDA fluorescence fold change against.  

 

  
Figure 4.11. Control for ROS production in NHEK cells with residual media. All values shown 

are the mean of n=4 replicates ± standard error of mean (SEM). Student’s t-test (two tailed 

with unequal variances) was performed to test significance between ROS generation in cells 

with 20 µl media (control) and cells with residual media, (ns = not significant, * p<0.05, ** = 

p<0.01 and *** = p<0.001).  

Results show no significant ROS generation by cells with media across all columns 

when exposed to a headspace concentration of 16,517 ppbv nonanal (Figure 4.12 (a-b)). Some 

significance (p=<0.05) was observed when cells with  media were exposed to the same 

headspace concentration. A gradient effect was observed where when nonanal was pipetted on 

the LHS of the plate, columns 1-3 showed significant ROS generation whereas columns further 

away from the source of nonanal in gas phase showed no or limited significant increase in ROS 

indicating that the gaseous nonanal may have not reached those columns within the 2 h 

exposure time.  

Exposure of cells with media to a headspace concentration of 82,585 ppbv nonanal 

showed significantly higher production of intracellular ROS within NHEK cells 

(p=<0.01)(Figure 4.12 (c-d). This may indicate an increased dissolution of nonanal in cell 

media due to the higher concentration present in the headspace. Cells with residual media in a 

headspace concentration of 82,585 ppbv nonanal again showed a higher production of ROS 

when compared with exposure to the lower concentration of 16,517 ppbv (p=<0.001). A similar 

gradient effect was observed in cells with residual media and was not in cells with media 

whereby cells/columns closest to the nonanal source exhibited increased ROS generation. This 
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leads to further hypothesis that nonanal produced in keratinocyte cells may trigger ROS 

generation in neighbouring cells and provides initial proof of concept that nonanal in the 

volatile phase can cause significant increase in ROS production which in turn may lead to the 

activation of the Nrf2-Keap1 protective pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Endogenous ROS production after treatment of NHEK cells with (a) 0.1 µl  

nonanal in gas phase in the presence of 20 µl media on cells, (b) 0.1 µl nonanal with residual 

media on cells, (c) 0.5 µl nonanal with 20 µl media on cells and (d) 0.5 µl nonanal with residual 
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media on cells. All values shown are the mean of n=3 technical replicates ± standard error of 

mean (SEM). (ns = not significant, * p<0.05, ** = p<0.01 and *** = p<0.001).   

 
4.4. Conclusion 

In summary, the results of this work show that the saturated aldehydes, nonanal and 

decanal activate the Nrf2-Keap1 protective mechanism in NHEK cells. Augmentation of ROS 

species was observed when NHEK cells were treated with varying concentrations of nonanal 

and decanal in the liquid phase thus elucidating a mechanism of indirect activation of Nrf2 

translocation to the nucleus. The ketone, 6-methyl-5-hepten-2-one, did not cause activation of 

the Nrf2 pathway in human keratinocyte cells and this may be linked to no significant elevation 

in ROS generation observed upon exposure. It is speculated that this may linked to ketones 

ability to scavenge free radical however, more work is needed to understand this response.  

A proof of concept study also showed an increase in ROS production when cells were 

exposed to varying concentrations of nonanal in gas phase. To the best of our knowledge, this 

is the first study that investigates the effect of treatment of cells with nonanal in the volatile 

phase and leads to hypothesis that nonanal in the gas phase produced by the skin may lead to 

ROS generation in cells and neighbouring cells which may lead to the activation of the Nrf2-

Keap1 pathway through indirect activation. While this study is novel, it does provide initial 

proof of concept with some limitations. For example, cells were only exposed to a headspace 

of nonanal in gas phase. It would be more beneficial to expose cells to an artificial skin VOC 

mix, comprising common skin emitted compounds and physiological relevant concentrations. 

Furthermore, monolayer cultures only allow limited inference about response to external 

stimuli such as volatile emissions and their ability to trigger cell-signalling pathways. A move 

toward an organ on a chip model with the integration of an ALI culture would further enhance 

assessment of volatile compounds abilities to induce signalling pathways within cells.  

Despite these challenges, we hypothesise that, in a similar way to HNE, nonanal and 

decanal, which are frequently emitted volatiles from skin, at lower concentrations (0.625 ppb 

– 20 ppb; Chapter 3) cause moderate stress on the skin which in turn generates a low 

concentration of ROS and triggers activation of the Nrf2-Keap1 pathway to keep the skin alert, 

thus protecting it from further oxidative stress that may occur.  
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Chapter 5: The determination of skin surface pH via skin 

volatile emission using colorimetric sensors 
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Abstract 

Biodiagnostic sensors in the form of wearables have become of widespread interest in 

both the scientific and clinical communities in recent years due to their potential for monitoring 

human health, well-being and physical performance. However, collecting biofluids from the 

skin to enable biochemical analysis using wearables has proved challenging to date. This 

research seeks to overcome the need for fluid collection by designing a wearable sensing 

platform capable of monitoring the volatile emission from skin with the aim of collecting 

biodiagnostic information from the body. We investigate the use of a simple wearable 

colorimetric sensing platform incorporating sensor spots comprising encapsulated bromocresol 

green pH indicator dye in an enclosed headspace above the skin. The sensor spots change from 

yellow to blue as a response to basic volatile nitrogen compounds such as ammonia and volatile 

amines being emitted from skin. By deploying this wearable in a healthy participant study, a 

strong correlation between sensor ED response and skin surface pH was demonstrated, despite 

a high inter-individual variability being noted. Sensor response was observed to be highly 

dependent on gender as well as body site, and attributed to factors such as gland and microbial 

composition differences. Finally, skin surface pH and wearable sensor responses were 

measured following various skin treatments and showed the wearable’s ability to detect 

changes in skin surface pH in response to topical skin treatments. Overall, this work 

demonstrates a novel and simple approach to wearable biodiagnostics that exploits the skin 

volatile emission to monitor skin physiology without the need for microneedles or the 

requirement to harvest fluid from the skin. 
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5.1. Introduction  
The skin is the largest organ of the human body with a high surface area of 1.5-2 m2 

[1], making it readily accessible as an organ to perform diagnostics on and as such, has been 

exploited as a matrix for a range of wearable sensing approaches to date [2]. The stratum 

corneum (SC) is the outer layer of the epidermis of the skin hosting a rich set of biomarkers 

and a high metabolic activity [3]. Quantifying levels of various biomarkers present in skin fluid 

matrices [4] such as interstitial fluid (ISF) [5] and sweat [6] can provide valuable insights into 

the health of an individual. Indeed, these opportunistic fluid matrices within skin have given 

rise to the fabrication and development of epidermal platforms [7] engineered to extract these 

biofluids from skin for detection of many biomarkers including the hydrogen ion [8], glucose 

[9][10], lactate [11][12], sodium [12][13], potassium [13], ammonia [14] and urea [15]. 

ISF, for example, is considered as an alternative to blood for accessing systemic biomarkers of 

disease. Small molecules such as lactate, glucose, cortisol and urea are present in ISF and 

measuring their concentrations and flow patterns can provide information on specific diseases 

[16]. There are many extraction methods used to extract ISF from skin including suction blister, 

iontophoresis, sonophoresis and microdialysis, none of which are immediately straight-forward 

[17]. Most recently microneedles (MNs) have been developed to extract and collect ISF from 

skin. Goud et al have recently developed a wearable microneedle device for the continuous 

sensing of levodopa in ISF which is a drug used to treat Parkinson’s disease [18]. A 

microneedle electrode array which penetrates the skin and allows for dual-mode sensing 

involving both redox and biocatalytic processes. However, this approach is far from being 

clinically available as trials were only carried out on mice and human participant testing 

remains to be done. In addition to this, MNs have the drawback of damaging the skin by 

puncturing and thus can induce immunological responses that can give rise to localised skin 

irritation and even infection. 

Sweat is a more accessible skin matrix that can be sampled non-invasively. In a similar 

manner  to ISF, it can provide information about human health by analysis of the biomarkers 

it contains. The SWEATCH wearable platform is an exciting example of this and was 

developed to harvest and analyse sodium concentration in sweat in real-time [19]. This 

electrochemical approach is comprised of a pod-like design which incorporates an ion-selective 

electrode for sodium detection. It also integrates a fluidic system, driven by capillary forces, to 

collect sweat from the skin, directing its flow over the electrodes for detection. Recently, the 

SWEATCH platform has been further developed, facilitating the detection of sodium and 
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potassium ions simultaneously [20]. The detection of the hydrogen ion in sweat has also been 

targeted with wearable sensing devices. A recent demonstration of a single-use colorimetric 

wearable sensor integrating detection of several analytes including sweat pH was recently 

reported by the group of Rogers using a skin-interfaced microfluidic/electronic system [21]. 

This colorimetric approach uses pH-responsive universal indicator dye dip-coated on filter 

paper to determine sweat fluid pH. As with the SWEATCH, participants were asked to exercise 

to induce sweating. Produced sweat is then manipulated through hollow microfluidic channels, 

again by capillary force action, and routed to the pH sensor for detection. A smartphone was 

used to image the colour sensor after sampling, and images were compared to reference 

markers to determine sweat pH. Approaches to sweat diagnostics such as these, rely on 

microfluidic architecture to guide the sweat to the sensing interface for analysis which can lead 

to complexities. Furthermore as these approaches, along with many others [22] require the 

generation of sweat, they are thus suited more to sports applications than routine health 

diagnostics.   

The analysis of volatile compounds emanating from the skin is emerging as an 

interesting source of information regarding subcutaneous and even systemic biochemistry [3]. 

These volatiles are derived from glandular secretions and their interactions with the microflora 

of the skin. Over 500 compounds have been reported to be emitted as volatiles from skin 

[23][24]. Skin volatiles are sampled non-invasively [25][26] without the need to puncture skin 

as often required for ISF collection for example. Compared to sweat, volatile emissions are a 

more accessible skin matrix as the volatiles are passively emitted and can be collected easily 

[27][28]. Our group has been studying the skin volatile emission for several years [3][29][30] 

using gas-chromatography mass-spectrometry (GC-MS) workflows and we have recently 

established evidence for a correlation between the emission rate of volatile fatty acids (VFAs) 

from skin and skin surface pH [31]. Skin surface pH is a parameter of interest as changes in 

skin surface pH can indicate dysregulation of the skin barrier function and alterations in skin 

surface pH can play a role in the pathogenesis of skin conditions such as atopic dermatitis 

[32][33]. Healthy human skin has an acidic surface pH of between 4.0 and 6.0 [1]. The acidic 

nature of the SC is important both for permeability barrier function and cutaneous antimicrobial 

defence. The acidic pH of the skin surface is established by several key mechanisms [34]: the 

breakdown of the filaggrin gene to produce trans-urocanic acid, the sodium proton exchanger 

- a transporter protein which transports H+ ions to the SC, and the hydrolyzation of free fatty 

acids (FFAs) from phospholipids by phospholipases. 
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Ammonia in the human body stems primarily from the bacterial breakdown of 

proteins within cells and the intestine. It is transported by blood to the liver where it is 

converted to urea and ultimately washed out in urine. Ammonia remaining in the blood can 

diffuse through the SC [35] or be emitted in eccrine sweat [15]. Total ammonia consists of 

two principal forms, the ammonium ion (NH4
+) and un-ionised free ammonia (NH3), with 

relative concentrations being pH- (and temperature-) dependent. Within the SC, ammonia 

production is probably not high enough to affect large pH changes in the skin. However, NH4
+ 

is present in eccrine sweat gland secretions [15] and converts to gaseous NH3 in a pH-

dependent manner. Ammonia may also be produced microbially on the skin surface, for 

example from the action of microbial urease enzyme on urea substrate (present in sweat 

[36][37]). Volatile amines such as triethylamine and ethanolamine are also emitted from skin, 

and are likely again microbially-derived [38]. Longer chain amines in the skin volatile emission 

have also been reported but their origin is not yet elucidated [39][29]. Overall, it is ammonia 

that is thought to contribute most significantly as a basic volatile nitrogen compound to the skin 

emission and this has been studied by several groups [35][40][41]. However, interestingly, 

none of the studies published to date consider the implication of skin surface pH on the 

emission flux.  

Colorimetric dyes as wearable sensors such as those measuring skin pH have up to now 

been typically limited to sweat analysis [42][43][44][45] and so require sweat-promoting 

stimulation as well as intricate microfluidics to guide sweat to the localised sensing chemistries 

for detection. This work proposes measuring of the skin surface pH via the volatile ammonia 

emission in a simple colorimetric sensor format. It is based on the principle that the NH4
+/NH3 

equilibrium in skin is pH dependent. Thus, it could be expected that by monitoring the flux of 

gaseous ammonia from skin, it would provide a measure of skin surface pH. To this end, a 

simple sensor comprising spots of encapsulated pH-responsive dye, bromocresol green (BCG) 

was used in both indirect and direct methods for the colorimetric sensing of skin volatiles. The 

colour changes observed were consistent with dye deprotonation and are attributed principally 

to the pH-dependent skin volatile ammonia emission. Given the observed correlation of sensor 

response to the underlying skin surface pH, this offers an interesting sensing approach that has 

advantages over other methods measuring skin pH that require sweat fluid extraction and 

collection. It opens up the possibility of this volatile compound emission sensing approach as 

a way to detect other biomarkers that may have diagnostic value. This work deepens our 

understanding of the initial concept reported earlier [31], and investigates the wearable sensor, 
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employed for the direct colorimetric sensing of skin’s, ability to accurately measure skin 

surface pH and the various factors that influence the measurement including gender, body site, 

measurement time and topical treatment of skin. The outcome of this work provides an 

understanding of some of the key factors and challenges impacting the sensor’s response 

behaviour when worn on the body, while also highlighting the potential of monitoring other 

components of the volatile emission using selective encapsulated colour chemistries as a non-

invasive and facile approach to skin diagnostics. 

 

5.2 Materials and Methods 

5.2.1. Preparation of colorimetric sol-gel 

Colorimetric sol-gel solution was prepared according to previously published protocol 

[46]. Briefly, sol-gel was prepared by mixing 126 μL triethoxy(octyl)silane, 40 μL 

methyltriethoxysilane, 304 μL hydrochloric acid (0.1 M), 384 μL 2-methoxyethanol and 272 

μL propylene glycol monomethyl ether acetate in a reaction vessel and stirring overnight. 4 mg 

bromocresol green (BCG) was then dissolved in the sol-gel (1 mL). 

 

5.2.2. Solution-based pH study  

20 μL of the BCG sol-gel solution was added to vials containing bulk solutions (2800 

μL) of varying pHs (3.2-7.0) prepared using 0.01 M HCl and 0.01 M NaOH stock solutions. A 

calibrated HI-1131B pH electrode (Hanna Instruments) was used to determine the pH of each 

vial solution. A reference solution (pH 2.50), containing 20 μL BCG sol-gel diluted in 2800 

μL 2-methoxyethanol, was also prepared. Imaging of the vials was done using an iPhone 11 

Pro Max and images processed as described below. n=3 replicates were carried out for each 

pH solution.  

 

5.2.3. Preparation of colorimetric sensor spots 

0.5 μL of the BCG sol-gel solution was drop-cast as a single spot onto an unmodified 

cellulose thin layer chromatography (TLC) plate or a 10 % acetate cellulose TLC plate 

(Macherey-Nagel, Fischer Scientific, Ireland) (3 x 2 cm) and allowed to dry in a vacuum 

desiccator before use. 6 spots, approx. 1 cm apart, were drop-cast onto each cellulose substrate 

to form a 3 x 2 colorimetric sensor array of replicate spots. 
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5.2.4. Indirect colorimetric sensing of skin volatiles 

One healthy female volunteer (aged 23) was recruited for this aspect of the study (See 

Consort Diagram, Scheme 1). No special dietary regimes were applied, however, the 

participant was asked not to apply perfumes or cosmetics on the day of sample volatile 

collection.  Participant was informed on the aim and purpose of the study, and asked to provide 

written informed consent. The local ethics committee (Dublin City University Research Ethics 

Committee) approved the study on skin volatiles (Reference: DCUREC/2016/053) prior to 

commencement of the work, and the study was performed according to the Declaration of 

Helsinki.  

Sensors comprised of BCG colorimetric solution drop-cast onto cellulose TLC plates 

were used for this study. An image of the replicate BCG sensor spots, before exposure to skin 

volatiles, was taken using an Epson XP-322 flatbed scanner. Prior to sampling, the gauze was 

sterilised using HPLC grade methanol and was baked at 100°C for 1 h to remove any 

contaminants [47]. The participant was then asked to hold a piece of sterile gauze (5 x 5 cm-8 

ply, Propax, Amazon UK), between their palms for 15 min to collect volatiles emanating from 

skin. Following the collection of the volatiles from the skin using the gauze, the gauze was then 

placed in a headspace vial (22 ml, Sigma-Aldrich, Ireland) with the colorimetric sensor adhered 

to the inside of the vial using Blu-Tack. The lid was placed on the headspace vial and the 

sample was left overnight to equilibrate at 37°C. After 12 h the sensor was removed from the 

glass vial and the sensor spots were imaged again using the scanner (Fig 5.1 (a)). Multiple 

samples were collected over multiple days (see Consort Diagram, Scheme 5.1). Skin surface 

pH of each palm was taken before application of the wearable platform using a wireless HALO 

flat glass probe (HI14142) (Hanna Instruments) and Hanna Lab App (v3.0) for iPhone.  

 

5.2.4.1 Control for indirect study 

A piece of gauze that had not been exposed to volatile skin emission was placed in the 

vial, along with the colorimetric sensor which was adhered to the inside of the vial using Blu-

Tack. The vial was again left to equilibrate overnight at 37°C. Imaging was carried out as 

outlined above (Figure A5.1(a)).  
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5.2.5. Colorimetric sensor response to ammonia  

The colorimetric sensor was prepared (comprising 6 replicate BCG spots drop-cast on  

10% acetate TLC plates as described above), scanned and the RGB values of the individual 

spots quantified using ImageJ. In order to measure the response of the sensor spots to ammonia, 

the sensor was adhered to the lid of a plastic petri dish (0.04 L) using Blu-Tack. A piece of 

filter paper (Whatman, diameter: 4.70 cm) was placed in the bottom of the petri dish and a 

precise volume of neat ammonia solution (0.1-10 μL ) was dropped directly onto the filter 

paper. The lid was placed on top of the petri dish and sealed with parafilm. After 3 h, the sensor 

was removed from the petri dish and scanned. Processing of the sensor image before and after 

exposure to ammonia was carried out using ImageJ as described below. 

 

5.2.6. Direct colorimetric sensing of skin volatiles - preparation of wearable platform 

The wearable platform comprised a stainless steel woven wire mesh (Inoxia Ltd, UK) 

to define the headspace (4 x 3 cm), on top of which was the cellulose substrate comprising of 

6 replicate BCG sensor spots. Sensors comprised of BCG colorimetric solution drop-cast onto 

10% acetate TLC plates were used for this study. The sensor spots were covered with a 

polyethylene terephthalate (PET) film (5 x 4 cm) and the complete platform was enclosed (Fig 

5.1(a)) and secured to a body site using Leukosilk surgical tape (BSN Medical GmbH, 

Hamburg, Germany).   

 

5.2.7. Direct colorimetric sensing of skin volatiles (using a wearable sensor) 

Ten healthy volunteers (5 female and 5 male; aged 20-45) were recruited onto this 

wearable sensor study (see Consort Diagram, Scheme 5.1). Again, no special dietary regimes 

were applied, however, the participant was asked not to apply perfumes or cosmetics on the 

day of sample volatile collection. Participants were informed on the aim and purpose of the 

study, and asked to provide written informed consent. Again, the local ethics committee 

(Dublin City University Research Ethics Committee) approved the study on skin volatiles 

(Reference: DCUREC/2016/053).  

Prior to application of the wearable platform to participant’s skin, in a similar manner 

to the indirect study, an image of the replicate BCG sensor spots was taken using an Epson XP-

322 flatbed scanner. Participants were then asked to apply the wearable platform to a specific 

skin site (palm of hand, sole of foot, forehead or stomach) for up to 300 min while they went 

about their daily activities. After a fixed time, the wearable was removed from the skin and the 



 157 

sensor spots imaged again using the scanner. Where specified, the wearable was removed from 

the skin periodically (i.e., every 15 min) and the sensor spots imaged using the scanner before 

being replaced on the skin. 

Again, skin surface pH of each site was taken before application of the wearable 

platform using a wireless HALO flat glass probe (HI14142) (Hanna Instruments) and Hanna 

Lab App (v3.0) for iPhone. 

 

5.2.7.1. Control for wearable colorimetric sensor study 

A PET film was placed between the palm of the hand and the wearable in order to 

exclude skin volatile emission from the HS of the wearable and was worn for 5 h (Figure 

A5.1(b)). Imaging was carried out as outlined above. 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. Consort Diagram showing the flowchart for the different aspects of the participant 

studies. 
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Figure 5.1. (a) Schematic showing the procedure for indirect colorimetric sensing of skin 

volatiles, (b) schematic of the different layers comprising the wearable platform applied to the 

skin surface for the direct colorimetric sensing of skin volatiles [31]; (b) image of wearable 

platform worn on palm and (c) on the forearm. 

 

 

(a) 

(b) 

(c) (d) 
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5.2.8. Skin treatment study  

Four different skin treatments were carried out on the palm to investigate their impact on sensor 

colour response. The treatments were (a) washing the skin with soap (Dove Beauty Cream 

Bar), (b) applying a 2% salicylic acid (SA) solution (The Ordinary©), (b) wiping the skin with 

an isopropyl alcohol (IPA) (Qualicare Products) wipe and (d) tape-stripping of the SC using 

Leukosilk surgical tape (1.25 cm wide) where the skin was tape stripped 10 times as a single 

treatment. Following each treatment, the wearable sensor was applied for 120 min and imaged 

in the usual manner before and after wearing. Skin surface pH was also taken at the site before 

the wearable was applied.  

 

5.2.9. Image analysis 

Images were analysed using ImageJ to measure absolute red (R), green (G) and blue (B) colour 

values for the sensor spots before (R1, G1, B1) and after exposure (R2, G2, B2) to skin. RGB 

absolute values were used to quantify response of the sensor spots. Sensor spot response was 

also quantified using a distance measurement called Euclidean distance (ED). The ED formula 

is given by: 

 

𝐸𝐷 = 	&(𝑅! − 𝑅")! + (𝐺! − 𝐺")! + (𝐵! − 𝐵")!         Equation 5.1 

 
5.2.10. Data analysis 

1-D linear regression analysis was used to investigate the association between sensor spot ED 

response and skin surface pH. The correlation coefficient, R, was used to quantify association 

between sensor response and skin surface pH as it is suited to participant studies where 

variables including age, ethnicity, etc are not controlled [48]. 

 

5.3. Results and discussion 

5.3.1. Solution-based response of BCG sol-gel solution  

Prior to any skin-based studies, work was carried out to investigate the response 

behaviour of the dye, BCG (pKa=4.7). A study of the colorimetric response of prepared BCG 

sol-gel solutions was carried out in order to verify the dyes response to changes in pH over the 

relevant range (Fig 5.2 (a)). ED values obtained from the image processing step were plotted 

against solution pH to show dye sensitivity between pH 4 and 6 (Fig 5.2 (b)), which is within 

the typical pH range of the skin surface, thus making it a suitable dye for this application.  
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Figure 5.2.  (a) Image of BCG sol-gel solutions across the pH range 2.5-6.9 and (b) Euclidean 

distance plotted against bulk solution pH measured using a calibrated ISE. Error bars represent 

n=3 replicates of each pH solution. 

 

5.3.2. Indirect sensing of skin volatiles  

Initially, in order to assess how the BCG sensor spots responded to the volatile skin 

emission, a preliminary study using an indirect method of sampling was employed as outlined 

in the Materials and Methods section. Here, a piece of sterile gauze was held between the palm 

of the hands for 15 min in order to collect the volatiles emitted from skin. The gauze is then 

placed in a glass headspace vial with a colorimetric sensor adhered to the inside using Blu-

Tack. Figure 5.3 (a) shows the reproduced colour of BCG sensor spots after exposure to skin 

volatiles collected using gauze. It can be seen that the colour intensity increases slightly as skin 

surface pH increases. However, the skin surface pH range investigated here is narrow at 0.44 

pH units, which may account for the small colour change. For this data processing, the sensor 

spot response was quantified via absolute RGB values and also via a relative change using ED 

2 4 6 8
0

50

100

150

200

250

Solution pH (ISE) 

Eu
cl

id
ea

n 
D

is
ta

nc
e

(a) 

(b) 



 161 

(Equation 5.1). Correlation analysis was performed as outlined in section 5.2.10. Negative 

correlations were observed for RGB intensities (Fig 5.3 b-e) whereby the red, green and blue 

intensities showed strong correlation with skin surface pH. The red intensity showed the 

highest sensitivity (slope = -34.19). ED was also quantified and positive correlation shown (R= 

0.711). Overall, this data suggests that skin surface pH can be related linearly to the colour 

response of the sensor spots. ED quantification takes into account the absolute RGB intensities 

and thus, on this basis, ED was chosen to quantify sensor spot response for all further data 

processing.  

 

 

 

 
Figure 5.3. (a) Reproduced colour response from colorimetric sensor after exposure to gauze 

used to capture skin volatile emission for one female participant; the corresponding skin 

surface pHs as measured by a calibrated ISE (bold text), (b) red intensity, (c) green intensity, 

(d) blue intensity and (e) ED from (a) plotted as a function of skin surface pH. 
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As mentioned above the skin surface pH range investigated was limited between pH 

4.78-5.22. In order to extend this skin surface pH range and also to understand the effects of 

topical treatment on both the skin surface pH and volatile emission, the palm of the participant 

was treated with a non-volatile salicylic acid solution prior to sampling. The application of the 

salicylic acid decreased both the skin surface pH which was correlated with a low ED sensor 

response, thus indicating that the salicylic acid treatment altered the skin volatile emission.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. (a) Reproduced colour response from colorimetric sensor after exposure to gauze 

used to capture skin volatile emission following application of salicylic acid for one female 

participant; the corresponding skin surface pHs as measured by a calibrated ISE (bold text), (b) 

ED values from Fig 5.3 (a) and Fig 5.4 (a) plotted as a function of skin surface pH.  

 
5.3.3. Effect of substrate on BCG sol-gel solution 

From the indirect study, it was observed that the colour response to change in skin 

surface pH was low when the BCG colorimetric solution was drop-cast on unmodified cellulose 

TLC plates. This may be dependent on the surface pH of the substrate the BCG colorimetric 

solution was drop-cast on. The surface pH of the unmodified cellulose TLC plate affected the 

colour of the BCG sol-gel solution (Figure 5.5). Comparing this colour to the colour observed 

in the solution-based pH study (Figure 5.2), it was hypothesised that the surface pH of the 

unmodified cellulose TLC plate is approx. 4.2, which is supported by literature [49]. This 

surface pH is close to the pKa of the dye BCG (4.7) and also to normal skin surface pH thus 

no significant colour change upon interaction with skin volatile emission was observed. 
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Therefore, the use of other substrates including 10% acetate cellulose TLC plates, were 

explored. Acetylated TLC plates are prepared by the esterification of cellulose using acetic 

acid, thus making its overall surface pH lower. Again, comparing the colour of the BCG 

solution drop-cast on the 10% acetate TLC plate to the solution-based pH study, it was 

speculated that the surface pH of the modified TLC plate was approx. pH 3. The modification 

of the sensor in such a way allows skin surface pH values as low as 3.1 to be detected.  

 

 

 

 

 

 

 

 

 

Figure 5.5. Scanned image showing BCG colorimetric sol-gel solution drop-cast on both 

unmodified cellulose TLC plate and 10% acetylated cellulose TLC plate.  

5.3.4. Colorimetric response to volatile fatty acids and ammonia 

In order to understand the sensor spots (drop-cast on 10% acetylated TLC plates) 

response to acidic and basic volatile species, the sensor was exposed to a headspace of a volatile 

fatty acid (VFA) mix in hexane (containing 4 VFAs (1000 ppm each) known to be present in 

the skin volatile emission: hexanoic acid, octanoic acid, decanoic acid and dodecanoic acid) 

and also a headspace of concentrated ammonia. 100 µl of each solution (VFA mix or ammonia) 

was dropped onto filter paper which was placed inside a petri dish and the response monitored 

as outlined in the Materials and Methods section (Fig 5.6 (a)). Following this, a quantitative 

ammonia calibration plot was generated based on sensor ED response whereby correlation with 

ED response was observed up to a mass of approx. 2.5 mg ammonia (Fig 5.6 (b)). Beyond this, 

the sensor spots became saturated and no further increase in ED observed. In order to quantify 

the limit of detection (LOD) of the sensor spots, a narrower mass range of ammonia was used 

(0.0665 - 0.6650 mg; (Fig 5.6 (c)) and linear regression applied to the data to give a linear 

regression line of y=74.1x+12.71; R=0.960. Based on this regression, the LOD for the sensor 

was calculated to be 0.092 mg ammonia. 
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Figure 5.6. (a) Reproduced average colour from sensor (6 replicate BCG sensor spots) after 

exposure to the HSs of VFA mix and ammonia for 180 min, (b) graph showing average ED 

response as a function of mass of ammonia (mg) added to the HS that the sensor was exposed 

to and (c) Average ED as a function of a narrow mass range of ammonia (mg). Error bars in 

(b) and (c) represent standard deviation of n=6 replicate BCG sensor spots within a single 

platform. (Note: sensors comprised of BCG solution drop-cast on 10% acetate TLC plates were 

used for these calibration experiments.) 

 

5.3.5. Direct sensing of skin volatiles using a wearable sensor platform  

 Following these calibration experiments, the BCG sensor spot substrate was integrated 

within a wearable platform (Figure 5.1), and applied to the palm of healthy participants skin 

for 5 h and the colour response monitored. Figure 5.7 (a) shows the average colour of the BCG 

sensor spots (based on 6 replicate spots from one wearable measurement) after wearing on skin 

by 5 female and 5 male participants with different skin surface pHs. For both genders, it can 

be seen that the ED response increases with increasing skin surface pH and despite likely inter-

person variability, good correlation is seen. The correlated sensor response with respect to pH 

can be explained by the dependency of ammonia emission flux from the skin on skin surface 

pH.  

Before 
Sampling 

VFA 
mix in 
hexane 

Ammonia 

   

0 2 4 6 8
0

50

100

150

200

Mass of ammonia (mg)

E
uc

lid
ea

n 
D

is
ta

nc
e

0.0 0.2 0.4 0.6 0.8
0

20

40

60

80

Mass of ammonia (mg)

E
uc

lid
ea

n 
D

is
ta

nc
e

y = 74.1x + 12.71

R = 0.960

(a) 

(b) (c) 



 165 

 Using the standard calibration plot (Fig 5.6 (c)) for ammonia, the ammonia flux (mg h-1 

cm-2) for each participant was estimated and the computed values corresponding to the 

measured pHs are given in Figure 5.7 (a). The emission fluxes calculated in this study are 

higher than previously reported skin ammonia fluxes [40][35][41]. For example, our work 

reports an average ammonia emission flux for female palm of 0.0198 mg h-1 cm-2 (± 0.0113) 

(based on the average values measured in Fig 5.7) whereas Furukawa et al report an average 

ammonia flux of 0.0006 mg h-1 cm-2 for the same site collected using a passive flux sampler 

with ion chromatographic analysis. A significant disparity arises here but our greater flux 

estimations may be due to the detection of some volatile amines as well as ammonia from skin. 

In addition, given the occlusion of the skin for our measurements, there is likely some 

sweat/water vapour being eliminated from the skin containing ammonia and interacting with 

the sensor spots that could also account for the higher than expected ammonia fluxes measured. 

No previous study to our knowledge relating to ammonia measurements from skin consider 

skin surface pH and yet our results show that the ammonia flux can vary by an order of 

magnitude over the healthy skin surface pH range.  

 As noted earlier, a strong gender effect on sensor response can be observed in Figure 5.7 

where males and females with approximately matched skin surface pH values show different 

colour responses after exposure to the palm for equivalent times. Males elicited an increased 

colour response for comparable skin surface pHs compared to females. Although males and 

females are known to have equivalent numbers of eccrine glands on the palm, the size and 

volume of sweat produced by these glands is approx. 5 times greater in males compared to 

females [50]. This increased response in males may be due to higher fluxes of ammonia being 

emitted from the male eccrine sweat gland on account of the larger gland volumes, as well as 

potential microbial differences. 
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Figure 5.7. (a) Reproduced average ED colour response from wearable platform (6 replicate 

BCG sensor spots) after being worn on 5 females and 5 males (left palm, 5 h); the 

corresponding skin surface pHs as measured by a calibrated ISE (bold text) and estimated 

ammonia flux in mg h-1 cm-2 (italicised text in parenthesis) also given. (b) ED value from (a) 

plotted as a function of skin surface pH. Error bars represent standard deviation in ED response 

from n=6 sensor spots within a single wearable platform. Note: Table A5.1 in Appendix for 

tabulated data.  

 

In order to investigate the significance of the inter-person variability on sensor 

response, single participant data was collected on multiple days. For this, 2 participants were 

randomly selected to wear the sensor as before for fixed periods of time (5 h) on multiple days 

as outlined in the Consort Diagram (Scheme 5.1). Figure 5.8 demonstrates that the ED 

correlates with pH as expected and that there is significantly increased correlation between ED 

response and skin surface pH for a single participant compared to Figure 5.7 where data from 

multiple participants was plotted against skin surface pH. This confirms the relationship 

between sensor ED response and skin surface pH and highlights the inter-person variability as 

a challenge when designing such sensors. This inter-person variability observed complicates 

calibration of the sensor and means that sensor calibration would be required for each 

individual participant given the differences observed in response.  
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Figure 5.8.  Average ED response from wearable platform (6 replicate BCG sensor spots) after 

being worn on Female 1 and Female 2 for 5 h (left palm used for sampling) (one sensor worn 

per day) plotted against skin surface pH (measured using a calibrated ISE). Error bars represent 

standard deviation in ED response from n=6 sensor spots within a single wearable platform. 

Note: See Table A5.2 and A5.3 in Appendix for tabulated data. 

 

In order to investigate the kinetic response of the sensor spots, imaging of the sensor 

was done periodically during the measurement by removing the wearable from the skin every 

15 min, imaging the sensor spots, and replacing on the skin immediately after. Corresponding 

skin surface pH measurements were also taken at these time points, while the wearable was off 

the skin. Kinetic data at four skin sites - palm, foot, abdomen and forehead – was collected. 

Skin surface pH data showed that pH did not fluctuate during the measurement period (Fig 5.9 

a-d) indicating the emission flux of ammonia from the skin remained constant over the period 

investigated. In general, ED response was observed to increase over time, across all body sites. 

For all sites, the general trend was that ED continued to increase over time. However, the rate 

of change of ED differs across the sites, a consistent effect for both males and females. The 

response differences across the different sites is attributed to differences in skin surface pH but 

also the microflora and gland type and density present at a particular site. The palm elicited the 

highest ED response of the sites investigated. The foot resulted in significantly lower responses. 

However, both the palm and foot are known to have similar eccrine gland densities [51][52] 

and the measured skin surface pHs for both sites were similar (average measured pH over 300 

min: female palm 4.81±0.069; female foot 4.60±0.063), indicating that the ED response for 

both sites would be expected to be similar. Thus, it is unclear as to why the ED response is 

lower for the foot compared to the palm and additional studies would be required to further 

understand this response difference. It may be related to different microbial environments on 
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account of the different exposures to ambient of the site. Interestingly the abdomen had 

significantly lower ED responses compared to the palm and foot sites despite having a 

comparable skin surface pH. The stomach has a much lower density of eccrine glands (~2-5 

fold lower than that of the palm and foot) [51] likely resulting in lower amounts of ammonia 

being produced, resulting in a corresponding lower overall flux of ammonia, despite an inherent 

high skin surface pH, likely dictated by the SC acidity regulation mechanisms outlined earlier. 

The microflora on the skin surface may also influence the ED response. The forehead elicited 

the lowest ED sensor spot responses, indicating the lowest ammonia emission. This site 

contains the highest density of sebaceous glands and secretions as well as hair follicles (also 

on the stomach site) [53] which produce significant proportions of FFAs [54] heavily 

influencing the low skin surface pH (average measured pH over 300 min: female 4.50±0.045; 

male 4.60±0.054) observed at this site. Very low ED responses were observed likely on account 

of this low pH. It is important to note that, despite the different response behaviours across 

different sites, the correlation of sensor ED response with skin surface pH, (as seen in Figures 

5.7 & 5.8 for the palm), is expected to be valid at each site, but sensitivity of response is highly 

site-dependent.  

Finally, the gender effect observed in Figure 5.7 is also apparent in Figure 5.9. Skin 

surface pH measurements were consistently lower for males at the palm, foot and abdomen. 

Despite this lower pH, male sensor spot responses were greater than from females, consistent 

with what has already been observed. The gender effect was not observed at the forehead as 

both genders exhibited similar skin surface pH measurements for this site as outlined above. 
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Figure 5.9.  Average ED colour response from wearable platform (6 replicate BCG sensor 

spots) over time on one female and one male participant and corresponding skin surface pH 

values for (a) palm, (b) foot, (c) abdomen and (d) forehead. Error bars represent standard 

deviation in ED response from n=6 sensor spots within a single wearable platform. Note: See  

Table A5.4-11 in Appendix for tabulated data.  

 

In order to investigate sensor spot response over time for periods of continuous wear, 

the wearable platform was worn continuously on the palm for different fixed periods of time 

up to 270 min (in contrast to the 15 min intervals used in the previous study) and the sensor 

spots scanned in the usual manner (Figure 5.10). This data confirms that the occlusion of the 

skin is not affecting the pH measurement or the sensor spot response and that the ammonia and 

volatile amine flux remains constant throughout the sampling period and an accumulative 

response, which is approximately linear, is observed.  
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Figure 5.10. Average ED colour response from wearable platform (6 replicate BCG sensor 

spots) worn for different periods of time by a single participant, (female; left palm; average 

skin surface pH=4.82±0.05). Error bars represent standard deviation in ED response from n=6 

sensor spots within a single wearable platform. 

 

To investigate the time dependence on the sensor spot ED response further, a greater 

number of sensors were worn by a single participant over multiple days (a maximum of one 

sensor measurement taken per day) (one sensor worn per day for n=7 days) for different wear 

times to better understand both the sensitivity and correlation of sensor response with respect 

to skin surface pH values measured (Table 5.1).  Sensor ED data (n=7) for each sampling time 

was plotted against pH and 1D linear regression applied (Figure A5.2 in Appendix) to quantify 

the slope and R. The results show that the ED response increased with wear time as expected 

and also that both sensitivity and correlation are low for short sampling times (< 60 min) but 

this increases with time. For example, the slope was observed to increase 4-fold from 90 min 

on compared to at 30 min. Correlation was also observed to improve with extended sampling 

times. These results show that the minimum wear time for these sensors in their current form 

is 90-120 min to obtain reliable pH data. Work is ongoing to reduce this wear time and/or 

enhance wearability of the sensor before this simple approach to wearable biodiagnostics 

becomes viable. 

 
Table 5.1. 1-D linear regression parameters for regression lines fitted to ED colour response 

as a function of skin surface pH for wearable platforms (6 replicate BCG sensor spots) worn 

by a single participant collected for continuous sampling times between 30-270 min. Note: see 

Fig A5.2 in Appendix for ED data and 1-D linear regression analysis of data. 
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In order to investigate how the sensor spots respond to externally applied skin 

treatments that can temporarily modulate skin pH, various treatments to the skin were 

investigated for their impact on both skin pH and sensor spot response. Soap, salicylic acid and 

IPA were all applied as topical treatments and tape-stripping (TS) of the skin to perturb the 

skin barrier was also carried out according to Methods. Skin surface pH was taken before and 

after all treatments. Figure 5.11 shows the colour changes of the sensor spots after each 

treatment and the ED response plotted as a function of skin surface pH following treatment. 

Following all treatments, it can be seen that the sensor underwent a colour change that 

correlated with change in skin surface pH. For example, the application of salicylic acid 

resulted in the lowest skin surface pH measurement which correlated with a low ED sensor 

response. In contrast, soap elevated the skin surface pH, again correlating with a high ED 

response. There is high variability noted in the ED response for the soap data in particular 

despite the study being carried out on a single participant. This may be due to the procedure 

for washing of the skin with soap where, e.g., the ratio of water:soap used for each treatment 

was not controlled and may have contributed variability to the sensor response. IPA application 

and tape-stripping both lowered the skin surface pH by small amounts relative to the control, 

resulting in a correlated small reduction in ED response. These experiments demonstrate that 

skin surface pH and the corresponding volatile profile is altered temporarily by these treatments 

and that these alterations can be tracked using our wearable colorimetric sensor spot platform. 
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Figure 5.11. (a) Reproduced colour (average of 6 replicate BCG sensor spots) following 120 

min sampling time on palm of a single female participant for untreated skin and following 

various treatments, and (b) average ED colour response from wearable platform as a function 

of skin surface pH. Error bars represent standard deviation in ED response from n=6 sensor 

spots within a single wearable platform.  

 

5.4. Conclusion  
The application of pH-responsive sensor spots for the measurement of skin surface pH 

via the volatile ammonia emission from skin in a healthy participant study was reported. 

Overall, this work demonstrates the potential use of the volatile emission from skin including 

the capabilities, the exciting opportunities as well as the challenges for such a sensing approach 

in wearable biodiagnostics. Our direct method for sensing skin volatile ammonia using a 

wearable sensor platform was investigated for healthy participant skin surface pH 

measurements, and gender and body site differences were attributed to gland type and 

distribution densities as well as potential microbial influences. Our findings demonstrate that 

such wearable colorimetric sensor platforms can be used to selectively monitor target 

components of the skin volatile emission and offers an alternative to skin fluid harvesting and 

analysis. This work also highlights challenges associated with the approach such as significant 

inter-person variability in the sensor ED response. Also, the impacts of skin occlusion need to 

be considered as it can trigger a sweat response from the skin. Ideally, sensors for these 

measurements require short response times or have a form factor that does not occlude the skin. 

Furthermore, an in-situ or even wearable imaging approach will further enhance these colour 

sensors deployability and potential use which is currently being developed in our group.  
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Despite these challenges, the development of this new wearable paves the way for 

demonstrating the concept of harnessing diagnostic information from the skin volatile emission 

as well as motivating the use of alternate colour chemistries for targeting other volatile 

biomarkers such as aldehydes for the monitoring of states including ketosis and oxidative stress 

for example. The development of such simple, colour-based wearable sensing approaches 

could prove useful in personalised monitoring of general health and also for self-management 

of chronic diseases associated with volatile biomarkers in the future. 
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6.1. Conclusions and future work 

As discussed in Chapter 1, wearable sensing technology has recently and rapidly moved 

towards the development of many commercially available sensing devices that focus on 

physical measurements such as heart rate and blood oxygen levels. However, physical 

measurements such as these give limited insight into an individual’s health. The skin offers 

great biodiagnostic potential through the analysis of biofluids such as interstitial fluid (ISF) and 

sweat. Many of these wearable sensors employ electrochemical transduction but recently 

sensors incorporating optical transduction have gained traction owing to their simplicity and 

low-cost. Wearable sensor development for biofluids such as ISF and sweat have thrown up 

many challenges with respect to generating and collecting sufficient volumes of such biofluids 

for reliable analyte detection.  

The primary aim of this work was to overcome the need for collection and manipulation 

of biofluids from skin through the exploitation of the volatile emission from skin which is 

passively and continuously emitted from skin, known to contain biomarkers of metabolic and 

cellular processes within the body and can be sampled in a non-invasive manner. This work 

contributes to a greater understanding towards factors that can affect the skin volatile emission 

such as circadian rhythm, sampling site, gender, and age. An investigation into the effect of 

frequently emitted skin-derived compounds on primary human keratinocytes show that specific 

compounds afford protection against oxidative stress through the activation of the Nrf2-Keap1 

pathway, a cellular defence mechanism. Finally, a simple, low-cost colorimetric sensor 

platform was fabricated in order to monitor volatile ammonia emission from skin. Here, the 

feasibility of measuring skin surface pH via the volatile ammonia emission from skin was 

assessed and highlights great potential of such simple wearable colorimetric sensors for 

personalised skin monitoring.  

Chapter 2 employs a non-invasive, HS-SPME GC-MS workflow to investigate diurnal- 

and skin site-associated changes in the human skin volatile profile of a single healthy female 

participant. Results confirm significant diurnal variation in the skin volatile profile also with 

changes in the skin surface pH which were shown to have correlation with some of the acidic 

compounds emitted from skin. Interestingly, no diurnal change in TDC was observed even 

though changes in the volatile profile, such as increased ketone production, may suggest 

increased sebum secretion on the skin. TDC is a measure of skin-to-fat tissue water and 

measures at a depth of 0.5 mm below skin. A skin surface measurements such as TEWL may 

prove more insightful and may better help correlations between hydration of the skin and the 
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skin volatile profile. Future work, around this would involve obtaining volatile HS-SPME 

measurements along with TEWL surface hydration measurements and assessing for correlation 

between the two. Although, significant changes in TDC were observed across different skin 

sites, again TEWL may be able to give a better insight into the correlation between volatile 

emissions and skin surface hydration as volatile compounds are typically emitted from the 

surface of the skin [1]. Stratum corneum hydration (SCH) which measures the water content 

of the uppermost layers of the skin may also provide insight into the correlations between skin 

hydration and volatile compound emission [2]. Furthermore, it would be interesting to recruit 

a larger participant cohort for this study and assess inter-participant variability in diurnal- and 

site-specific changes in the volatile along with skin surface pH, TEWL and SCH.  

Chapter 3 builds on chapter 2 and characterises the skin volatile emission from the volar 

forearm of a large healthy participant cohort (n=60) comprised of male and female participants, 

ages 18-80. Gender and age associated changes in the skin volatile emission from the volar was 

assessed across the participant cohort. Results confirmed significant gender influences on the 

skin volatile emission indicating that male and female data should be treated individually when 

investigating age-related changes in the skin volatile emission. Statistical analysis of the 

volatile profile with age showed that there were compound abundances that significantly 

changed with age (acetic acid, hexanal, nonanal, undecanal, benzyl alcohol and 2-ethyl-1-

hexanol). Age-related changes in skin surface pH and TDC were also observed. Again, as 

mentioned above, TEWL and SCH measurements may also prove insightful here to understand 

skin surface hydration in a large participant cohort.  

Chapter 4 investigates the effect that commonly skin-derived compounds, such as 

nonanal, decanal and 6-methyl-5-hepten-2-one, impact host skin cells’ signalling pathways. 

Results show that nonanal and decanal trigger activation of the Nrf2-pathway in primary 

human keratinocytes while the ketone, 6-methyl-5-hepten-2-one, does not elicit activation. 

Elucidation of the mechanism by which this pathway is activated shows that an augmentation 

in ROS production in NHEK cells was caused by exposure to nonanal and decanal but not the 

ketone, indicating indirect activation of the cellular defence pathway. A proof of concept study 

also showed an increase in ROS production when cells were exposed to varying concentrations 

of nonanal in gas phase. To the best of our knowledge, this is the first study that investigates 

the effect of treatment of cells with nonanal in the volatile phase and leads to hypothesis that 

nonanal in gas phase produced by the skin may lead to ROS generation in cells and 

neighbouring cells which may lead to the activation of the Nrf2-Keap1 pathway through 
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indirect activation. While novel, this volatile work has some limitations. For example, cells 

were only exposed to a headspace of nonanal in gas phase. It would be more beneficial to 

expose cells to an artificial skin VOC mix, comprising common skin emitted compounds and 

physiological relevant concentrations.  Furthermore, monolayer cultures only allow limited 

inference about response to external stimuli such as volatile emissions and their ability to 

trigger cell-signalling pathways. Future work would involve a move toward an organ on a chip 

model with the integration of an air-liquid interface (ALI) culture which could further enhance 

assessment of volatile compounds abilities to induce signalling pathways within cells (Fig 6.1) 

[3].  

 

 

 

 

 

 

 

 

 

Figure 6.1. ALI cell culture set-up for melanoma cells. Cells here are kept moist and fed by 

the cell culture medium in the bottom of the assay that moves towards the cells by capillary 

action through collagen gel layer [4].  

 

Chapter 5 investigated the use of a simple wearable colorimetric sensing platform 

incorporating sensor spots comprising encapsulated bromocresol green pH indicator dye in an 

enclosed headspace above the skin. The sensor spots change from yellow to blue as a response 

to basic volatile nitrogen compounds such as ammonia and volatile amines being emitted from 

skin. By deploying this wearable in a healthy participant study, a strong correlation between 

sensor Euclidean Distance (ED) response and skin surface pH was demonstrated, despite a high 

inter-individual variability being noted. Sensor response was observed to be highly dependent 

on gender as well as body site, and attributed to factors such as gland and microbial 

composition differences. Finally, skin surface pH and wearable sensor responses were 

measured following various skin treatments and showed the wearable’s ability to detect 

changes in skin surface pH in response to topical skin treatments. 
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Recent work has involved investigating new targets, such as aldehydes, for colorimetric 

sensing of skin volatiles. Work in Chapter 3 has shown the aldehyde profile of skin changes 

with age and so a move toward a wearable sensor for aldehydes emission could allow for a 

low-cost way to assess aldehyde emission from skin. This work has briefly investigated the use 

of simple amine-containing dyes, pararosaniline and N, N-dimethyl 4,4’-azodianiline, 

incorporated into a wearable platform, as outlined in Chapter 5, to detect aldehyde emission 

from skin. Initial results have shown that this sensor may have shown the sensors sensitivity 

for aldehydes characteristic to human skin after exposure in-vitro to standard analytes. 

Furthermore, initial work has shown the ability of the sensor array to differentiate between the 

aldehyde emission from different skin sites (Figure 6.2). While this work is interesting, much 

more work is needed to correlate the response of the sensors with GC-MS data from different 

skin sites to understand the response of the sensor. Furthermore, preliminary results on 

different humidity conditions also suggest that sensor response may be affected by skin 

humidity. Further studies investigating other humidity conditions would be needed to confirm 

and understand this effect.  
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Figure 6.2. Heatmap with hierarchical clustering showing response for each sensor spot 

(columns) to each skin site (rows). Values were centred and scaled by their respective columns, 

with a high response being coloured as red and a low response being coloured as blue.   

One major limitation of the sensors in their current form presented in Chapter 5 is the 

inability to continuous image/monitor sensor response throughout wear. Kinetic data was 

obtained in Chapter 5, where imaging of the sensor was done periodically during the 

measurement by removing the wearable from the skin every 15 min, imaging the sensor spots, 

and replacing on the skin immediately after. This removal of the sensor from the skin every 15 

min for imaging may mean the equilibrium between the volatile ammonia emission and the 

sensor headspace is disturbed each time the sensor is removed, however no drop in signal was 

observed. Chapter 5 highlights the potential capabilities of a simple bromocresol green sensor 

to monitor skin surface pH via ammonia emission from skin, even being able to detect changes 
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after topical treatment applications but the imaging process limits the abilities and applications 

of the sensor. Chapter 5 shows one way to avoid the need for removal is to develop a real-time 

imaging method that can enable us to image the sensor while still on the skin. Preliminary real-

time imaging experiments were carried out using an iPhone camera and a lightbox 

(CALISTOUK Mini Photo Studio Light Box, Amazon UK) to try and provide a constant, 

consistent light source for each image captured. The sensor was kept on the skin for 5 h without 

removal and was imaged every 15 min using this set-up. Figure 6.3 shows a comparison 

between the two different imaging methods and shows large error bars for the iPhone/lightbox 

imaging method which highlights inconsistencies in RGB values of each sensor spot and 

attributed to light artefacts in the image. The inconsistencies may also be attributed to the PET 

backing on the cellulose TLC places used which may distort colour of sensor spots in the image. 

One of the main aims for future work in this project is to develop an in-situ imaging method 

that eliminates all these outlined effects and has the ability to continuously monitor the sensor 

response during wear on the skin.  

 

 

 

 

 

 

 

 

 

Figure 6.3. Shows comparison between removing the sensor from the skin to scan and imaging 

of the sensor on the skin with an iPhone. Error bars represent standard deviation in ED response 

from n=6 sensor spots within a single wearable platform. 

More recently, we have been working with Dr. Nigel Kent’s group in the School of 

Mechanical Engineering in DCU to development a continuous imaging wearable platform that 

incorporates a commercially available ESP32-CAM with a built-in LED that can allow for 

continuous on-skin imaging in a light-controlled environment. The device also has the 

capability to transmit images obtained via Wi-Fi which can allow for quick image analysis. 

Furthermore, response time from the sensor in Chapter 5 is 5 h and a 5.2 V battery was selected 

to allow enough power supply for that sampling time. Further work is needed to realize the full 
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potential of the continuous wearable platform, but it shows promise toward continuous imaging 

of the sensor on the skin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Continuous imaging wearable platform with built-in ESP32-CAM worn on the 

forearm.  

 

6.2. References 

[1]  Alexander H, Brown S, Danby S and Flohr C 2018 Research Techniques Made Simple: 
Transepidermal Water Loss Measurement as a Research Tool J Invest Dermatol 138 
2295-2300.e1 

[2]  Jansen van Rensburg S, Franken A and Du Plessis J L 2019 Measurement of 
transepidermal water loss, stratum corneum hydration and skin surface pH in 
occupational settings: A review Skin Research and Technology 25 595–605 

[3]  Leung C M, de Haan P, Ronaldson-Bouchard K, Kim G-A, Ko J, Rho H S, Chen Z, 
Habibovic P, Jeon N L, Takayama S, Shuler M L, Vunjak-Novakovic G, Frey O, 
Verpoorte E and Toh Y-C 2022 A guide to the organ-on-a-chip Nat Rev Methods 
Primers 2 1–29 

[4]  Hong Yee C, Aoki S, Uchihashi K, Matsunobu A, Yamasaki F, Misago N, Piao M, 
Tetsuji U, Yonemitsu N, Sugihara H and Toda S 2010 The Air Liquid-interface, a Skin 
Microenvironment, Promotes Growth of Melanoma Cells, but not Their Apoptosis and 
Invasion, through Activation of Mitogen-activated Protein Kinase Acta Histochem 
Cytochem 43 1–7 

 



 186 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix 
 

 

 

 

 

 

 

 

 

 

 

 

 



 187 

 

 

 

 

 

 

Chapter 2: Assessing diurnal and site-associated 

differences in the skin volatile emission, skin surface pH 

and tissue dielectric constant in healthy skin 
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Figure A2.1. Typical chromatogram from the volar forearm of a single female participant.  
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Chapter 3: Skin volatile emission profiling of healthy 

participants – influence of gender and age  
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Figure A3.1. Graph showing calibration curves for nonanal and decanal of abundance vs mass 

(µg) present in 3 ml headspace funnel used to sample skin. Error bars represent standard 

deviation of n=3 replicates for each mass. Note: this data was used to calculate emission fluxes 

for nonanal and decanal.  
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Chapter 5: The determination of skin surface pH via skin 

volatile emission using colorimetric sensors 
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Figure A5.1. (a) Reproduced average colour response (6 replicate BCG sensor spots on 

unmodified cellulose TLC plate) from control study where sensor was placed in a vial along 

with gauze that had not been exposed to skin and (b) reproduced average colour response (6 

replicate BCG sensor spots on 10% acetylated TLC plate) from control study where sensor was 

worn on the skin for 300 min with PET film between skin and sensor.  

 

Table A5.1.  Tabulated data from Figure 3 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) for n=5 female and n=5 male participants. Calculated ammonia flux (mg h-1 cm-2) and 

reproduced average colour after 5 h wear also shown.  

 

Partic
ipant 

Average 
Red 

intensity 
(RI) 

Average 
Green 

intensity 
(GI) 

Average 
Blue 

intensity 
(BI) 

Average 
Euclidean 
distance 

(ED) 

Skin 
surface 
pH (ISE) 

Calculated 
ammonia 
emission 

flux  
(mg h-1 cm-2) 

Reprod
uced 

average 
colour 

after 5 h 
wear 

F1 218.29 200.87 141.89 34.16 4.33 0.0096 
 

F2 192.42 187.61 137.60 47.68 4.73 0.0145 
 

F3 201.09 200.74 153.68 46.69 4.83 0.0152 
 

F4 168.97 178.11 137.42 57.14 4.97 0.0199 
 

F5 123.647 161.89 129.40 98.39 5.01 0.0385 
 

M1 178.15 188.03 1.26 52.95 4.25 0.0181 
  

M2 170.09 187.57 150.89 69.72 4.33 0.0256 
  

M3 122.49 171.92 160.59 117.43 4.57 0.0471 
  

M4 90.18 155.79 149.48 142.67 4.72 0.0584 
  

M5 83.26 137.51 148.79 137.64 5.21 0.0562 
  

Before 
Sampling 

After 300 
min on 
palm  

  

Before 
Sampling 

After 
overnight 
@ 37°C 

  



 193 

Table A5.2. Tabulated data from Figure 4 showing average red intensity, green intensity, blue 

intensity and ED response from wearable platform (6 replicate BCG sensor spots) for female 

1. Calculated ammonia flux (mg h-1 cm-2) and reproduced average colour after 5 h wear also 

shown.  

 

Sam
ple 
no. 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 

Skin 
surface 
pH (ISE) 

Calculated 
ammonia 
emission 

flux  
(mg h-1 cm-2) 

Reprod
uced 

average 
colour 
after 5 
h wear 

1 218.24 200.009 141.41 18.33 4.3 0.0025  

2 216.82 202.04 143.63 21.54 4.33 0.0039  

3 215.05 197.111 138.496 22.14 4.4 0.0042  

4 204.29 197.877 144.89 34.16 4.47 0.0096  

5 197.06 194.76 144.99 40.74 4.55 0.0126  
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Table A5.3.  Tabulated data from Figure 4 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) for female 2. Calculated ammonia flux (mg h-1 cm-2) and reproduced average colour after 

5 h wear also shown.  
 

Sam
ple 
no. 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 

Skin 
surface 
pH (ISE) 

Calculated 
ammonia 
emission 

flux  
(mg h-1 cm-2) 

Reprod
uced 

average 
colour 
after 5 
h wear 

1 197.31 196.41 149.36 44.89 4.73 0.0145  

2 174.82 178.94 123.38 57.99 4.79 0.0203  

3 172.52 178.97 131.41 63.26 4.8 0.0227  

4 150.24 178.68 149.49 77.21 4.92 0.0290  

5 167.53 182.65 140.11 71.86 4.95 0.0266  

6 159.23 177.73 137.35 76.53 4.95 0.0287  

7 158.14 173.91 130.65 78.21 4.98 0.0295  
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Table A5.4.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the palm for a single female participant. Reproduced average colour after 5 h 

wear also shown.  
 

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 233.35 193.52 123.13 0 4.85  

15 230.09 195.23 124.98 9.26 4.95  

30 224.14 194.27 126.29 8.54 4.88  

45 217.85 192.71 126.94 14.21 4.83  

60 208.65 190.69 129.20 18.65 4.76  

75 199.18 189.22 132.86 25.16 4.78  

90 189.65 187.33 134.61 32.12 4.76  

105 180.53 184.73 135.90 36.13 4.74  

120 179.86 184.93 136.86 44.85 4.70  

135 180.23 185.59 137.48 49.44 4.70  

180 175.86 184.34 138.21 69.02 4.86  

195 173.31 184.19 139.84 75.35 4.90  

210 172.45 184.08 140.41 79.32 4.78  

225 169.23 183.07 140.78 78.45 4.80  

240 170.57 183.86 140.72 81.06 4.86  

255 171.82 184.29 141.39 80.45 4.85  

270 169.82 184.22 142.17 86.68 4.80  

285 167.69 183.44 142.68 87.76 4.83  

300 167.87 183.59 143.34 90.92 4.90  
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Table A5.5.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the palm for a single male participant. Reproduced average colour after 5 h 

wear also shown.  
 

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 227.86 186.18 125.79 0 4.43  

15 225.66 192.60 130.74 8.50 4.44  

30 222.16 189.11 126.37 8.49 4.48  

45 219.76 189.76 120.92 11.37 4.50  

60 213.11 189.34 125.98 16.30 4.52  

75 202.06 186.09 126.00 26.08 4.50  

90 191.63 182.13 123.67 36.65 4.40  

105 179.22 179.75 129.77 49.26 4.40  

120 173.07 182.94 141.78 57.25 4.40  

135 158.03 175.36 136.23 71.89 4.39  

180 149.24 173.19 138.94 80.91 4.43  

195 141.47 171.92 144.07 89.61 4.45  

210 145.72 177.40 153.21 87.09 4.47  

225 145.31 177.12 153.68 87.63 4.43  

240 146.49 178.01 155.12 86.88 4.50  

255 149.26 178.05 153.18 87.69 4.51  

270 149.21 177.99 153.52 89.86 4.50  

285 150.85 177.96 151.92 89.79 4.50  

300 149.05 176.61 151.82 91.71 4.51  
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Table A5.6.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the foot for a single female participant. Reproduced average colour after 5 h 

wear also shown.  

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 234.38 190.31 114.68 0 4.87  

15 228.85 189.18 115.79 5.02 4.78  

30 225.23 189.11 117.33 8.56 4.88  

45 220.81 188.29 118.19 11.96 4.86  

60 216.55 189.12 121.15 14.50 4.90  

75 212.05 188.17 121.85 21.76 4.80  

90 203.44 185.09 123.10 22.78 4.76  

105 200.12 184.95 124.91 31.33 4.75  

120 195.20 184.67 126.51 33.17 4.74  

135 191.31 183.90 127.58 37.69 4.72  

180 193.51 184.31 128.78 43.56 4.70  

195 188.53 183.06 129.35 50.43 4.74  

210 185.53 182.64 130.84 52.18 4.74  

225 182.85 181.55 130.73 56.91 4.70  

240 181.12 182.23 132.02 58.28 4.81  

255 182.51 182.12 130.27 55.58 4.75  

270 180.54 181.78 132.00 58.50 4.78  

285 179.43 181.83 132.86 61.05 4.75  

300 177.66 181.42 133.19 63.15 4.86  
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Table A5.7.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the foot for a single male participant. Reproduced average colour after 5 h wear 

also shown.  
 

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 227.24 186.70 128.15 0 4.43  

15 223.57 186.83 125.57 6.47 4.33  

30 214.06 186.14 129.47 13.81 4.39  

45 209.27 184.93 128.82 18.51 4.40  

60 199.60 183.09 131.33 28.57 4.43  

75 192.19 181.93 132.31 35.95 4.37  

90 191.66 181.88 133.01 36.62 4.40  

105 184.22 180.56 134.37 44.02 4.40  

120 177.75 178.38 135.01 50.92 4.41  

135 170.97 176.80 136.32 57.84 4.43  

180 165.50 175.43 138.10 63.73 4.44  

195 164.41 176.42 139.81 64.84 4.38  

210 159.98 174.28 139.09 69.45 4.30  

225 145.80 171.30 143.80 84.54 4.35  

240 150.59 171.37 139.35 79.13 4.40  

255 156.53 173.39 141.18 73.20 4.46  

270 154.50 172.64 141.06 75.40 4.47  

285 155.89 173.62 141.36 73.93 4.48  

300 154.87 172.86 140.34 74.83 4.50  
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Table A5.8.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the abdomen for a single female participant. Reproduced average colour after 

5 h wear also shown.  

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 229.49 188.33 128.43 0 5.33  

15 227.12 184.98 123.94 6.19 5.40  

30 227.42 185.02 124.48 5.75 5.39  

45 225.81 185.68 126.28 7.05 5.20  

60 224.84 185.76 126.19 6.76 5.26  

75 224.18 185.68 127.12 6.82 5.10  

90 222.73 184.92 125.22 8.91 5.20  

105 221.27 184.75 125.90 9.76 5.18  

120 219.57 184.91 127.11 11.07 5.15  

135 217.70 184.40 127.18 12.98 5.20  

180 215.31 184.02 126.94 15.27 5.25  

195 215.02 184.51 127.97 15.54 5.20  

210 212.06 183.90 128.70 18.32 5.00  

225 210.41 183.30 127.74 20.18 5.01  

240 209.48 183.30 128.19 21.12 5.00  

255 209.48 183.79 129.18 20.81 5.10  

270 207.96 183.20 129.26 23.04 5.15  

285 207.85 183.48 130.16 22.69 5.12  

300 204.55 182.13 129.38 25.91 5.10  
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Table A5.9.  Tabulated data from Figure 5 showing average red intensity, green intensity, blue 

intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the abdomen for a single male participant. Reproduced average colour after 5 

h wear also shown.  

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 227.99 188.15 127.69 0 4.69  

15 223.57 187.37 129.40 4.98 4.66  

30 222.47 186.51 128.14 6.21 4.68  

45 222.68 187.70 129.27 6.00 4.67  

60 221.11 186.83 127.16 7.11 4.69  

75 217.72 185.71 127.28 10.57 4.75  

90 216.82 186.21 128.70 11.42 4.60  

105 214.08 186.07 129.87 14.26 4.57  

120 211.38 184.82 128.72 17.00 4.51  

135 208.01 184.93 131.51 20.78 4.68  

180 206.57 183.96 130.94 22.08 4.69  

195 205.94 184.36 132.54 23.06 4.63  

210 203.88 183.41 131.06 24.82 4.68  

225 203.17 183.53 131.56 25.55 4.66  

240 201.75 183.39 132.32 27.12 4.68  

255 200.58 183.29 133.00 28.36 4.60  

270 199.93 182.73 132.15 28.93 4.68  

285 199.84 183.32 133.38 29.13 4.67  

300 199.49 182.89 132.95 29.46 4.69  
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Table A5.10.  Tabulated data from Figure 5 showing average red intensity, green intensity, 

blue intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the forehead for a single female participant. Reproduced average colour after 5 

h wear also shown. 

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 226.19 184.05 122.20 0 4.57  

15 227.95 183.85 122.53 2.16 4.50  

30 229.42 185.59 123.47 3.81 4.51  

45 229.26 185.46 123.05 3.65 4.52  

60 228.74 185.97 124.12 4.05 4.52  

75 227.91 185.53 123.60 3.29 4.46  

90 227.61 185.65 124.04 3.47 4.58  

105 227.72 186.17 124.98 3.90 4.53  

120 227.41 186.43 125.74 4.56 4.44  

135 227.22 186.26 125.49 4.79 4.43  

180 229.62 187.58 124.11 5.56 4.50  

195 229.17 188.35 126.47 6.89 4.53  

210 228.26 188.59 126.82 7.39 4.55  

225 227.42 188.17 126.19 6.09 4.45  

240 226.86 188.24 126.86 7.30 4.52  

255 225.81 187.68 126.68 6.94 4.44  

270 225.33 188.16 127.74 9.01 4.46  

285 224.43 188.62 129.34 9.64 4.52  

300 224.04 187.64 126.94 7.41 4.55  
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Table A5.11.  Tabulated data from Figure 5 showing average red intensity, green intensity, 

blue intensity and corresponding ED response from wearable platform (6 replicate BCG sensor 

spots) worn on the forehead for a single male participant. Reproduced average colour after 5 h 

wear also shown. 

Time 
(min) 

Red 
intensity 

(RI) 

Green 
intensity 

(GI) 

Blue 
intensity 

(BI) 

Euclidean 
distance 

(ED) 
Skin surface 

pH (ISE) 

Reproduced 
average 

colour after 5 
h wear 

0 226.10 185.44 125.90 0 4.62  
 

15 226.10 186.78 126.80 3.48 4.50  

30 225.83 187.33 127.69 3.91 4.50  

45 224.87 186.17 125.98 2.37 4.61  

60 223.00 185.35 124.79 3.86 4.64  

75 222.59 185.34 125.20 4.25 4.66  

90 222.86 185.02 124.47 3.92 4.57  

105 222.11 185.61 124.90 4.67 4.63  

120 221.05 185.89 126.45 5.52 4.60  

135 223.87 187.02 126.52 3.63 4.60  

180 222.47 186.71 127.36 4.71 4.71  

195 221.16 186.23 127.24 5.56 4.60  

210 219.78 186.29 128.02 7.26 4.69  

225 218.99 185.52 126.43 7.49 4.53  

240 218.35 186.10 128.20 8.41 4.58  

255 218.35 186.41 129.00 8.79 4.58  

270 216.67 185.57 128.30 9.88 4.60  

285 215.53 185.65 129.37 11.59 4.61  

300 215.36 185.67 129.17 11.56 4.60  
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Figure A5.2. Average ED colour response from wearable platform (6 replicate BCG sensor 

spots) worn continuously on palm for a single female participant for (a) 30 min, (b) 60 min, (c) 

90 min, (d) 120 min, (e) 210 min and (f) 270 min as a function of skin surface pH measured 

using a calibrated ISE.  
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