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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 incor-
porating sensor spots comprising encapsulated bromocresol green pH indicator dye in an enclosed headspace
above the skin. The sensor spots undergo a colour change in response to basic volatile nitrogen compounds such
as ammonia and amines being emitted from skin. By deploying this wearable in a healthy participant study, a
strong correlation between sensor colour response and skin surface pH was demonstrated, despite a significant
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, the wear-
able’s ability to detect changes in skin surface pH in response to topical skin treatments was demonstrated.
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.

1. Introduction

The skin is the largest organ of the human body with a high surface
area of 1.5-2 m? [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 bio-
markers 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 plat-
forms [7] engineered to extract these biofluids from skin for detection of
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
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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, a drug used
to treat Parkinson’s disease, in ISF [18]. A microneedle electrode array
which penetrates the skin is used 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 potentially induce immunological responses giving 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
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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 detec-
tion. 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 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 is
used to image the colour sensor after sampling, and images compared to
reference markers to determine sweat pH. Approaches to sweat di-
agnostics such as these, rely on microfluidic architecture to guide the
sweat to the sensing interface for analysis which can lead to complex-
ities. Furthermore as these approaches, along with many others [22]
requires 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 subcutane-
ous and even systemic biochemistry [3]. These volatiles are derived
from glandular secretions and their interactions with the microflora of
the skin. Over 600 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 chromatogra-
phy-mass spectrometry (GC-MS) workflows and we have recently
established evidence of a correlation between the emission rate of vol-
atile fatty acids (VFAs) from skin and skin surface pH [31]. Skin surface
pH is a parameter of interest as changes in this parameter 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 mecha-
nisms [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.

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 (NHgs), with relative concentrations being pH- (and tempera-
ture-) 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
NHj 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
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not certain [29,39]. 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 have
considered the implication of skin surface pH on ammonia emission flux
to our knowledge.

Colorimetric dyes as wearable sensors such as those measuring skin
pH have up to now been typically limited to sweat analysis [42-45] 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 NH,"/NHj3 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 platform, comprising spots of encapsulated pH-
responsive dye, bromocresol green (BCG) (in acid form), was worn
above the skin within an enclosed headspace (HS) and the colour
response to the skin volatile emission monitored. 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 sur-
face pH, this offers an interesting sensing approach that has advantages
over other methods measuring skin pH that require sweat fluid extrac-
tion 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’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 chal-
lenges impacting the sensor’s response behaviour when worn on the
body, while also highlighting the potential of monitoring other com-
ponents of the volatile emission using selective encapsulated colour
chemistries as a non-invasive and facile approach to skin diagnostics.

2. Materials and methods
2.1. Preparation of colorimetric sol-gel

Colorimetric sol-gel solution was prepared according to a previously
published protocol [46]. Briefly, sol-gel was prepared by mixing 126 pL
triethoxy(octyl)silane, 40 pL methyltriethoxysilane, 304 pL hydrochlo-
ric acid (0.1 M), 384 pL 2-methoxyethanol and 272 pL propylene glycol
monomethyl ether acetate in a reaction vessel and stirring overnight. 4
mg bromocresol green (BCG) was then dissolved in the sol-gel (1000 pL).

2.2. Solution-based pH study

20 pL of the BCG sol-gel solution was added to vials containing bulk
solutions (2800 pL) 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 pL BCG sol-gel diluted in
2800 pL 2-methoxyethanol, was also prepared. Imaging of the vials was
done using an iPhone 11 Pro Max and images processed as described
below.

2.3. Preparation of colorimetric sensor spots

0.5 pL of the BCG sol-gel solution was drop-cast as a single spot onto
a 10% acetate cellulose thin layer chromatography (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
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sensor array of replicate spots.
2.4. Colorimetric sensor response to ammonia

The colorimetric sensor was prepared (comprising 6 replicate BCG
spots drop-cast on substrate 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
pL) 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.

2.5. Preparation of the 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.
The sensor spots were covered with a polyethylene terephthalate (PET)
film (5 x 4 cm) and the complete platform was enclosed (Fig. 1(a)) and
secured to a body site using Leukosilk surgical tape (BSN Medical GmbH,
Hamburg, Germany).

2.6. Wearable colorimetric sensor participant study

Ten healthy volunteers (5 female and 5 male; aged 20-45) were
recruited onto this study (see Consort Diagram, Scheme 1). Participants
were instructed not to apply perfumes or cosmetics to their body on the
days of sample collection. Participants were 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
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Fig. 1. (a) Schematic of the different layers comprising the wearable platform
applied to the skin surface [31]; (b) image of wearable platform worn on palm
and (c) on the forearm.
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performed according to the Declaration of Helsinki.

Prior to application of the wearable platform to particpant’s skin, an
image of the replicate BCG sensor spots was taken using an Epson XP-
322 flatbed scanner. Participants were then asked to apply the wear-
able 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 activ-
ities. After a fixed time, the wearable was removed from the skin and the
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.

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.

2.7. 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.

2.8. Image analysis

Images were analysed using ImageJ to measure absolute red (R),
green (G) and blue (B) colour values for the sensor spots before (R, G1,
B1) and after exposure (Rg, G2, B2) to skin. Sensor spot response was also
quantified using a distance measurement called Euclidean distance (ED).
The ED formula is given by:

ED = \/(R: — R\’ + (G2 — G\)’ + (B, — By’ @

2.9. 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 [47].

3. Results & discussion

This work investigated the response behaviour of sensor spots
comprising an encapsulated pH responsive dye as sensor spots worn
above the skin surface targeting the skin volatile emission, with the goal
of using it to measure skin surface pH. As the typical pH range for the
skin surface is known to be between 4.0 and 6.0, BCG (pKa = 4.7) was
selected as a potentially suitable dye to use for this application. A study
of the colorimetric response of prepared BCG sol-gel solutions was car-
ried out in order to verify the dyes response to changes in pH over the
relevant range (Fig. 2(a)). ED values obtained from the image processing
step were plotted against solution pH to show dye sensitivity between
pH 4 and 6 (SI Fig. 1).

To investigate the responsiveness of the BCG as encapsulated sensor
spots to ammonia, the sensors were exposed to different masses of
ammonia in a HS according to the Methods Section (SI Fig. 2). 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. 2(b)). Beyond this, the sensor
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10 participants (5 male, 5 female) assessed for eligibility.

Participants informed on the aim and purpose of the study, and
asked to provide written informed consent.

All participants considered eligible (aged 20-45).
No participants excluded.

Participants instructed not to apply perfumes or cosmetics on
the days of sample collection.

10 participants allocated to wear sensor on palm for
5 h.
(5 female, 5 male)
(Figure 3)

2 of the female participants randoml ici .. .
P P Yy 2 participants randc?mly. select.ed to wear 1 participant randomly selected for skin
selected to wear sensor on palm for 5 h. sensor for kinetic studies.

1 female sampled on 5 different days (1 female, 1 male) (Figure 5) HiEEE Sael:

(1 female)

1 female sampled on 7 different days (1 female) (Figure 6) (SI Fig 5)
(Figure 7)

(Figure 4)

Scheme 1. Consort diagram showing the flowchart for the different aspects of the participant study.

(b)

200+

150

100

Euclidean Distance
n
o
1

0 I 1 I
0 2 4 6 8

Mass of ammonia (mg)

Fig. 2. (a) Image of BCG sol-gel solutions across the pH range 2.5-6.9, and (b) graph showing average ED response as a function of mass of ammonia (mg) added to
the HS that the sensor was exposed to. Error bars represent standard deviation in ED response from n = 6 sensor spots on a single substrate.
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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; (SI Fig. 3)) 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.

In order to assess how the encapsulated sensor spots responded to the
skin emission, the BCG sensor spot substrate was integrated within a
wearable platform (Fig. 1), and applied to the palm of healthy partici-
pants skin for 5 h and the colour response monitored. Fig. 3(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 different female
and 5 different 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.

Using the standard calibration plot (SI Fig. 3) for ammonia, the
ammonia flux (mg h™! em™2) for each participant was estimated and the
computed values corresponding to the measured pHs are given in Fig. 3
(a). The emission fluxes calculated in this study are higher than previ-
ously reported skin ammonia fluxes [35,40,41]. For example, our work
reports an average ammonia emission flux for female palm of 0.0198 mg
h™! em™2 (£ 0.0113) (based on the average values measured in Fig. 3)
whereas Furukawa et al. report an average ammonia flux of 0.0006 mg
h™! em™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 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.

a
@) Female pH433 |/ pH473 pH4.83 | [ pH4.97 | [ pH5.01
(0.0096) (0.0145) (0.0152) (0.0199) (0.0385)
Before pH4.32 | pH4.48 pH 4.57
Male sampling | | (0.0781) (0.0256) (0.0471)
b) e Male
200 e Female
o
£ 150
8 $ y = 89.20x - 307.7
7]
a R =0.838
c 100+ ]
3
i) L] y =66.73x - 261.7
o 50 [ 3 °
z o R=0.737
0 T T 1
4.0 4.5 5.0 5.5

Skin surface pH (ISE)

Fig. 3. (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! em 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: See SI Table 1 for tabu-
lated data.
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As noted earlier, a strong gender effect on sensor response can be
observed in Fig. 3 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
[48]. 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.

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 1). Fig. 4 demonstrates that 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 Fig. 3 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 vari-
ability as a challenge when designing such sensors.

In order to investigate the kinetic response of the sensor spots, im-
aging 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 a-d)
indicating the emission flux of ammonia from the skin remained con-
stant 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 [49,50] 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), indi-
cating 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

100+
® Female1
o
% 80 y =90.69x - 372.5
g 60- R =0.967
c ® Female 2
3 40- :
5 y=119.8x-516.6
© -
o 20- ° R=0.948
0 I 1 I 1 1
4.2 4.4 4.6 4.8 5.0 5.2

Skin surface pH (ISE)

Fig. 4. 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) 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 SI Tables 2 and 3 for tabu-
lated data.
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Fig. 5. 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 SI Tables 4-11 for tabulated data.

further understand this response difference. It may be related to
different microbial environments on 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) [49]
likely resulting in a lower net amount of ammonia being produced. The
high skin surface pH is most likely driven by the SC acidity regulation
mechanisms outlined earlier and ammonia flux is a consequence of this
whereby the low density of glands produces less ammonia than other
body sites. This is what determines the lower flux of ammonia gas and
hence lower than expected sensor response. 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 emis-
sion. This site contains the highest density of sebaceous glands and se-
cretions as well as hair follicles (also on the stomach site) [51]. which
produce significant proportions of FFAs [52] 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 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 Figs. 3
& 4 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 Fig. 3 is also apparent in Fig. 5.

Skin surface pH measurements were consistently lower for males at the
palm, foot and abdomen. Despite this lower pH, male sensor spot re-
sponses were greater than from females, consistent with what has
already been observed. The gender effect was not observed at the fore-
head as both genders exhibited similar skin surface pH measurements
for this site as outlined above.

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 scan-
ned in the usual manner (Fig. 6). 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 resulting in a cumulative response,
which is approximately linear.

To investigate the time dependence on the sensor spot ED response
further, a higher number of sensors were worn by a single participant
over multiple days (a maximum of one sensor measurement taken per
day) for different wear times to better understand both the sensitivity
and correlation of sensor response with respect to skin surface pH values
measured (Table 1). Sensor ED data (n = 7) for each sampling time was
plotted against pH and 1-D linear regression applied (SI Fig. 5) 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
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Fig. 6. 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.

Table 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 and 270 min.

Time (min) Skin surface pH range No. of measurements Average ED response Slope (ED/pH unit) y-intercept R

30 4.78-5.09 7 8.72 20.63 —92.88 0.526
60 4.61-5.18 7 17.90 20.82 —85.00 0.689
90 4.67-4.85 7 29.57 84.14 —371.20 0.609
120 4.84-5.13 7 46.07 86.32 —381.70 0.814
210 4.67-5.31 7 83.01 93.75 —369.00 0.767
270 4.78-5.29 7 95.58 93.53 —375.00 0.849

Note: see SI Fig. 5 for ED data and 1-D linear regression analysis of data.

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 (@) Bef Satiovii No

observed to improve with extended sampling times. These results show Sa;:ﬁg aa'cci{,'c IPA TS | Treatment | Soap

that the minimum wear time for these sensors in their current form is (contral)

90-120 min to obtain reliable pH data. Work is ongoing to reduce this pH4.5 pH48 | pH48 pH 4.9 pH 6.0

wear time and/or enhance wearability of the sensor before this simple

approach to wearable biodiagnostics can become viable.

In order to investigate how the sensor spots respond to externally

applied skin treatments that can temporarily modulate skin pH, various (b) O No treatment (control)

treatments to the skin were investigated for their impact on both skin pH 100- ® Salicylic acid

and sensor spot response. Soap, salicylic acid and IPA were all applied as 8 IPA

topical treatments and tape-stripping (TS) of the skin to perturb the skin S 80 § ® TS

barrier was also carried out according to Methods. Skin surface pH was k] 60 ® Soap

taken before and after all treatments. Fig. 7 shows the colour changes of 2

the sensor spots after each treatment and the ED response plotted as a g 40

function of skin surface pH following treatment. Following all treat- S 204 y=33.8x-132.4

ments, it can be seen that the sensor underwent a colour change that a R=0.855

correlated with change in skin surface pH. For example, the application 0 . . .

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.

4. Conclusion

The application of a simple wearable platform incorporating pH-

T T
4.0 4.5 5.0 5.5 6.0 6.5
Skin surface pH

Fig. 7. (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.

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 explores the potential use of the volatile
emission from skin, the exciting opportunities as well as the challenges
for such a sensing approach in wearable biodiagnostics. Our wearable
sensor was investigated for healthy participant skin surface pH mea-
surements, and gender and body site differences were attributed to
gland type and distribution densities as well as potential microbial in-
fluences. Our findings demonstrate that such wearable colorimetric
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sensor platforms can be used to selectively monitor target components of
the skin volatile emission and offers an alternative to skin fluid har-
vesting and analysis. This work also highlights challenges associated
with the approach such as inter-person variability in the sensor ED
response. Also, the impacts of skin occlusion by wearables need to be
considered as it can trigger a sweat response from the skin, potentially
interfering with the sensor response. Ideally, sensors for these mea-
surements 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.

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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