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Abstract 

Development of wearable sensing platforms is essential for the advancement of continuous health 
monitoring and point-of-care testing. Eccrine sweat pH is an analyte that can be noninvasively 
measured and used to diagnose and aid in monitoring a wide range of physiological conditions. 
Surface-enhanced Raman scattering (SERS) offers a rapid, optical technique for fingerprinting of 
biomarkers present in sweat. In this paper, a mechanically flexible, nanofibrous, SERS-active 
substrate was fabricated by a combination of electrospinning of thermoplastic polyurethane (TPU) 
and Au sputter coating. This substrate was then investigated for suitability towards wearable sweat 
pH sensing after functionalization with two commonly-used pH-responsive molecules, 4-
mercaptobenzoic acid (4-MBA) and 4-mercaptopyridine (4-MPy). The developed SERS pH sensor 
was found to have good resolution (0.14 pH units for 4-MBA; 0.51 pH units for 4-MPy), with only 1 
µL of sweat required for a measurement, and displayed no statistically significant difference in 
performance after 35 days (p = 0.361). Additionally, the Au/TPU nanofibrous SERS pH sensors 
showed fast sweat-absorbing ability as well as good repeatability and reversibility. The proposed 
methodology offers a facile route for the fabrication of  SERS substrates which could also be used to 
measure a wide range of health biomarkers beyond sweat pH. 
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1. Introduction 

With advancing medical technology, five-year survival rates for health conditions and diseases are 
constantly improving1. However, survival rates are not a representation of those completely cured of 
a condition and, in many cases, continuous health monitoring and regular hospital visits are required 
for assurance of wellbeing. As a consequence, the average age of the world population is increasing 
alongside healthcare cost and overcrowding of hospitals2. Hence, further development of personalized 
wearable health monitoring devices is essential to provide individualized diagnostics and treatments 
that can not only provide more accurate predictive analytics but also transfer monitoring of patients 
from hospitals to their own homes.  

The "gold standard" measure for health conditions continues to be a blood test with reliable blood-
analyte data and zero lag time. However, periodical blood monitoring is an invasive technique that 
can feel overwhelming and inconvenient for those living with health conditions requiring continuous 
monitoring and may miss critical events due to poor time resolution of diagnostics. In recent years, 
there has been a great focus on development of the so-called '3rd wave' of wearable biosensing3, 
focusing on development of platforms for continuous analyte monitoring using noninvasive biofluids, 
such as sweat4. 

Several different analytes related to health monitoring have been successfully measured using sweat 
sensors, such as metabolites (e.g. glucose5, lactate6), electrolytes (e.g. sodium7, potassium8, chloride9, 
calcium10), and small lipophilic drugs (e.g. ethanol3, caffeine11, L-dopa12).  For many of these 
analytes, the concentration in sweat alone is not enough to produce a reliable and useful measurement 
as sweat rate, pH, and temperature may all be influencing factors. This is applicable for enzymatic 
biosensors, such as glucose and lactate sensors, where the temperature and pH have a large influence 
on enzyme activity and, consequently, device sensitivity. For any such pH-dependent sensors where 
blood is the biofluid, calibration is straightforward as the human body maintains blood pH at 7.4 ± 
0.05, however, in sweat the pH can typically range anywhere from 4-7. Another obstacle for wearable 
sweat pH sensing is in obtaining accurate measurements from very low volumes of collected sweat 
as collecting larger samples can be challenging, particularly in a wearable format. Hence, there is a 
requirement for a method of continuous and accurate low-volume sweat pH sensing. In addition to 
being required for real-time sensor calibration for other analytes, sweat pH itself can be used as a 
diagnostic tool, providing information related to dehydration, cystic fibrosis and the condition of the 
epidermis during wound healing13,14.  

Recently, plasmonic nanostructured substrates have been developed and researched to measure sweat 
analytes using surface-enhanced Raman spectroscopy (SERS). Raman spectroscopy is a rapid, non-
invasive, and label-free technique that can detect and fingerprint biological and chemical samples. 
SERS enhances the intensity of the Raman spectrum of molecules in proximity to plasmonic 
nanostructures (such as gold or silver nanomaterials) by around six to nine orders of magnitude15. 
With recent improvements in size and portability of Raman devices, there is a potential for SERS 



measurements to be used in point-of-care and wearable in-situ health monitoring16. 

Koh et al. used a combination of plasmonic Ag nanowires and hydrophilic silk fibroin to form a 
wearable flexible SERS substrate capable of detecting methamphetamine in sweat17. Meanwhile, 
Wang et al. fabricated a wearable Ag nanocube plasmonic metafilm, with an integrated sweat-
inducing iontophoresis system, for on-demand “universal” sweat analyte detection18. Although the 
main analyte of interest in this study was nicotine, pH sensing was also demonstrated by 
functionalizing the plasmonic metafilm with 4-mercaptopyridine (4-MPy). 

Despite the rarity of wearable SERS sweat sensing in current literature, SERS-based pH sensing has 
been extensively reported, with measurements demonstrated in blood19, interstitial fluid20, urine21, 
and in intracellular22 and extracellular23 microenvironments. The most common functionalization 
method to obtain a SERS pH response is to attach a self-assembled monolayer (SAM) to plasmonic 
nanomaterials by thiol chemisorption. 4-MPy and 4-mercaptobenzoic acid (4-MBA) are widely 
utilized pH probes due to their intense SERS spectra, stable pH response, and quick and simple SAM 
formation. Drawbacks of SERS pH sensors using certain nanomaterials, such as nanoparticles, is in 
their aggregation in acidic medium, difficulty in repeatability, and required use of stabilizers24. 
Meanwhile, other plasmonic nanomaterials may require labor-intensive and time consuming 
fabrication techniques as well as difficulty in scalability and reproducibility25. An alternative 
nanofabrication technique, that has the potential to address these issues, is electrospinning. 

Electrospinning (Figure 1a) is a simple, scalable and reproducible method26, with comprehensively 
understood regulatory processes and parameters, that can be used to fabricate polymer micro- and 
nanofibers (NFs)27. The process involves applying a high voltage to a droplet of a solution to 
overcome the surface tension threshold of the liquid by electrostatic repulsion28. At this critical point, 
known as the Taylor cone, a jet of liquid erupts from the surface28. During the flight of the charged 
jet, the solvent is evaporated depositing solid-state uniform fibers on a stationary or rotating 
collector29. A big advantage of electrospinning is the wide range of polymers that can be electrospun, 
facilitating good control over material properties and morphology. Additionally, electrospinning can 
produce mechanically durable and chemically resistant fibrous membranes allowing for post-
processes, such as metallization and chemisorption, to assemble SAMs of pH-responsive molecules, 
like 4-MBA or 4-MPy, on plasmonic materials coated on the fiber surface. Fields of research that 
have utilized electrospun fibers include drug delivery30, energy harvesting31, wound healing32, and 
sensing13,27,33,34. 

In this work, electrospun thermoplastic polyurethane (TPU) NFs, sputter coated with Au, are 
investigated as a pH-sensitive SERS substrate for the application of wearable, low-volume sweat 
analysis. TPU was chosen due to its high mechanical strength and elasticity as well as its chemical 
resistance and biocompatibility, which make it well-suited for wearable applications. By a method of 
simple chemisorption SAM assembly on Au/TPU electrospun NFs, two of the most commonly used 
SERS-active pH-responsive molecules, 4-MBA and 4-MPy, are compared for their suitability for 



wearable sweat sensing, with a focus on sensing accuracy, sensitivity, and stability. To the best of the 
authors’ knowledge, this is the first investigation of electrospun SERS substrates for wearable 
sensing. 

 

2. Materials and methods 

2.1 Materials 

Elastollan C85A13 thermoplastic polyester-polyurethane (TPU) was purchased from BASF, 
Germany. 99.8% N,N-Dimethylformamide (DMF), disodium phosphate, 99.5% citric acid, 37.0% 
hydrochloric acid (HCl), >99.0% sodium chloride (NaCl), >99.0% potassium chloride (KCl), >96.0% 
calcium chloride (CaCl2), 99.5% magnesium sulfate (MgSO4),  >99.0% urea,  dextrose, 99.0% 4-
Mercaptobenzoic acid (4-MBA), and 95.0% 4-Mercaptopyridine (4-MPy) were obtained from 
Sigma-Aldrich and used without further purification. Tegaderm transparent adhesive dermal patches 
and Mepore plasters were kindly donated by NHS Lothian. 

 

2.2 Electrospinning of TPU scaffolds 

TPU solutions were prepared by dissolving 18% (w/v) Elastollan C85A13 pellets in DMF by mixing 
for 24 h with a magnetic stirrer (200 rpm) at 60 °C. Next, HCl (37%) was added to the solution (0.5 
µL⋅mL-1 of polymer solution) and mixed for a further 24 h. The final solution was loaded into a 1 mL 
syringe with a 21G (0.8 mm) blunt needle and was placed in a syringe pump with a flow rate of 5 
µL⋅min-1. A horizontal electrospinning setup (purchased from IME Medical Electrospinning, The 
Netherlands) was used with a positive DC voltage of 20 kV delivered to the syringe needle and a 
negative DC voltage of -4 kV applied to the aluminum foil-covered collecting plate. The distance 
between needle tip and collector was set at 20 cm. The ambient temperature was between 19-22 °C 
and the relative humidity ranged between 30-35%. Fibers were stored at room temperature for 24 h 
before further use. 

 

2.3 Preparation of SERS-active Au/TPU fibers 

TPU electrospun membranes were coated with 30 nm of Au using an automatic sputter coater (Agar 
Scientific Ltd., UK). 30 nm gold coating has been shown to give the optimal SERS response25 and 
uniformity of coating was checked using the quartz crystal thickness monitor integrated in the sputter 
coater. Immediately afterwards, Au-coated fibers were immersed in 0.1 mM solutions of either 4-
MBA, or 4-MPy in 1% EtOH for 24 h at 4 °C. The fibers were then subjected to washing cycles in 
EtOH and DI water before being cut into 10 mm ×10 mm samples and stored in DI water at 4 °C. 

For wearable pH sensors, SERS-active Au/TPU samples were dried under vacuum for 1 h at room 
temperature before being cut into 5 mm × 5mm squares and attached to a Tegaderm adhesive 



transparent dermal patch. Between measurements, the wearable pH sensors were stored in closed 
containers at room temperature. 

2.4 Calibration of SERS-active Au/TPU NF pH sensors 

The pH sensing calibration of the prepared SERS-active Au/TPU fibers was achieved using 
McIlvaine buffer solutions (pH 4.0 – 8.0) prepared by mixing required volumes of 0.2 M disodium 
phosphate and 0.1 M citric acid aqueous solutions. The pH of these buffers was checked using an ETI 
8000 pH meter (ETI Ltd, UK). 

For pH sensing calibration of immersed NFs, a single NF sample was immersed in 3 mL of buffer at 
the desired pH value before a SERS measurement was taken. At least 27 spectra were collected for 
each pH value (9 spectra at three different points) and the experiment was repeated three times with 
three different Au/TPU NF samples to verify reproducibility. For pH sensing calibration using 
droplets of buffer, a calibration patch was fabricated using 5x5 mm NF samples attached to a 
transparent dermal patch (Figure S8a). 1 µL of buffer was dropped on an NF sample and allowed to 
visibly penetrate through to the other side of the membrane before a SERS measurement was taken 
from each side of the sample. Each SERS pH measurement was obtained using a different NF sample, 
with three samples used per pH value and at least 27 spectra collected per sample.  

All SERS spectra were collected using a Renishaw InVia Raman spectroscope (Renishaw, UK), with 
a 50 × (numerical aperture = 1) water immersion objective and a 785 nm laser. For spectral 
acquisitions, 0.5 mW laser power was used with a 2 s acquisition time. SERS spectra were subjected 
to baseline correction, smoothing, and curve fitting using MATLAB software. Smoothing was 
achieved using a Savitzky-Golay finite impulse response smoothing filter, with a polynomial order 
of 3, and curve fitting was accomplished using the in-built Interactive Curve Fitting MATLAB App. 
Subsequent spectral analyses, including plotting of results, were done using bespoke MATLAB 
codes. 

 

2.5 Characterization of SERS-active Au/TPU electrospun fibers 

The morphology of electrospun NFs was visually inspected using a JSM-IT100 scanning electron 
microscope (SEM) (JEOL Ltd., Japan). Fiber diameters were calculated using ImageJ software by 
taking 50 diameter measurements per X2000 magnification SEM image. 

Wettability of electrospun NF samples was established by measuring contact angles over time of 1 
µL of DI water dropped onto the NF membranes using a Drop Shape Analyzer 100 (Krüss GmbH, 
Germany). After droplet application, water contact angle versus time was found using Krüss Advance 
v1.12 software, using an ellipse fitting method.  

Interference testing was conducted by adding (wt %) cations present in sweat (0.5% NaCl, 0.1% KCl, 
0.1% CaCl2, 0.1% MgSO4, 0.1% urea, and 0.1% glucose) to McIlvaine buffer and correcting to pH 



6.2. NF samples were then immersed in buffers with and without added cations and SERS 
measurements were taken. 

Mechanical quasi-static tensile testing was done using an Instron 3369 Universal Testing System, 
with 25 mm × 25 mm clamps and a single degree-of-freedom in the y-axis on the top clamp for a 
homogenous through-width stress profile. Single tensile tests were conducted at a strain rate of 10 
mm⋅min-1, while cyclical testing was done at a rate of 50 mm⋅min-1. Testing dimensions of samples 
were 20 mm in length, 5 mm in width, and between 0.093-0.137 mm in thickness. Four samples were 
used for single tensile tests to calculate the tensile failure data, while two samples were utilized for 
cyclical testing, with 300 strain cycles applied to each sample. 

Stability tests (stability over time, with added sweat cations, and with strain cycles) were evaluated 
using Welch’s one-way Analysis of Variance (ANOVA) or Welch’s t-testing to calculate the p-value. 
If p < 0.05, it was concluded that the means of the analyzed datasets were statistically significantly 
different and hence the pH sensor would be considered unstable. Between SERS measurements for 
stability tests over time and with strain cycles, samples were stored dry at 23 °C. 

 

2.6 Sweat collection and pH sensing 

Sweat was collected from human subjects (n=2) by attaching Mepore absorbent plasters to three 
locations on the body (forearm, pectorals, and lower back). Each subject then undertook 30 min of 
exercise (either running or cycling) at a temperature of 20 °C. The sweat-soaked plasters were 
subsequently placed in Eppendorf tubes and were centrifuged at 2000 rpm. The sweat was then 
removed using a pipette and tested within 2 h of collection. 

Sweat pH was measured using an Orion 9110DJWP Double Junction pH microelectrode 
(ThermoFisher Scientific, USA) with an ETI 8000 pH meter (ETI Ltd, UK). SERS pH measurements 
were taken using 4-MBA and 4-MPy functionalized Au/TPU NFs attached to a Tegaderm transparent 
dermal patch (Figure S8a) by dropping 1 µL of sweat on a NF sample and allowing it to penetrate 
through the membrane. 

  



3. Results and discussion 

3.1 Fabrication of SERS-active Au/TPU electrospun nanofibers 

The fabrication steps of the pH-responsive Au/TPU electrospun wearable patch are detailed in Figure 
1a. Ductile and durable TPU nanofibrous nonwovens were produced by conventional horizontal 
needle electrospinning before being sputter coated with 30 nm of Au. Uniformity of the Au coating 
was checked using the quartz crystal thickness monitor integrated in the sputter coater. The Au/TPU 
fibrous mats were then immersed in 0.1 mM solutions (with 1% EtOH) of either 4-MBA or 4-MPy 
for 24 h. These molecules provide a pH-responsive functionalization by forming a self-assembled 
monolayer (SAM) on the surface of the Au/TPU fibers, facilitated by thiol bonding to the gold. The 
pH response is produced by the protonation and deprotonation of either the carboxyl group, present 
in 4-MBA, or the nitrogen atom present in the pyridine of 4-MPy. Once the functionalized Au/TPU 

Figure 1. (a) Concept outline of SERS-active Au/TPU electrospun wearable sweat pH sensor 
fabrication and application with (i) electrospinning of TPU nanofibers; (ii) gold sputter coating of TPU 
electrospun fibers; (iii) pH-responsive SAM assembly on Au/TPU fibers; (iv) attachment of SERS-
active Au/TPU electrospun fibers to a transparent adhesive dermal patch; (v) attachment of wearable 
pH sensor to the subject’s arm; (vi) Raman spectroscopy performed; (b) SEM image of electrospun 
TPU 18% w/v with no additive; (c) SEM image of electrospun TPU 18% w/v with added 0.5 µL⋅mL-

1 HCl; (d) Comparison of Raman signal intensity of 4-MBA/Au on TPU thin film (black) and TPU 
nanofibers (blue) with and microfibers (red) without HCl added. 



fibers were washed in DI water and EtOH, they were dried under vacuum and subsequently attached 
to a transparent adhesive dermal patch that allows good cohesion with the skin surface, protection 
from contaminants, and rapid sweat evaporation prevention, while still allowing access for the Raman 
spectrometer laser.  

From the SEM images in Figure 1(b-c), the addition of HCl to the polymer solution can be seen to 
greatly reduce mean fiber diameter (from 1048 nm to 231 nm) as well as improving fiber size 
homogeneity (from a Coefficient of Variance of 0.479 to 0.154). Additionally, the histograms in 
Figure 1(b-c) highlight the improved normality of fiber diameters with the HCl additive.  

The comparison of SERS signal intensity from Au/TPU NFs versus Au/TPU microfibers and thin 
film (Figure 1d) highlights the importance of utilizing nanoscale materials for higher sensitivity 
sensing, with the hotspots provided by the Au/TPU fiber intersections considered the main contributor 
to the improved signal. These hotspots generate a strong SERS signal due to the surface plasmon 
creating a strong electric field at the metal surface35. Decreasing the fiber diameter ensures a greater 
number of intersection hotspots per unit area and an expected intensity increase is observed in the 
SERS response of NFs (with added HCl) versus microfibers (without HCl), shown in Figure 1d and 
in Figure S1. In each case, samples were sputter coated with 30 nm of Au and had similar thicknesses 
(0.227, 0.299, and 0.257 mm for NFs, microfibers and thin film, respectively). Additionally, the 
nanostructure and porosity of the Au/TPU fibrous mat will provide good conformity to the complex 
geometry of the skin and will also facilitate sweat uptake through capillary action. 

Overall, fabrication of the electrospun Au/TPU SERS pH sensors was very simple, utilizing only a 
few low-cost materials and a method with a small number of steps. Compared to fabrication of other 
nanomaterials (nanoparticles, nanocubes, nanostars etc.), electrospun NFs maintain the affordability 
with no requirement for added stabilizers. Furthermore, the labor-intensive and expensive nature of 
nanofabrication techniques, such as lithography, are also avoided. By employing other commercially 
available electrospinning methods, like nozzle-free electrospinning, the throughput of NFs can be 
increased easily, offering a route to scalability26. 

 

3.2 Raman characterization and pH sensor calibration 

To obtain pH calibration curves of the Raman response of 4-MBA and 4-MPy functionalized Au/TPU 
electrospun NFs, two different studies were used: an immersion study and a droplet study.  

Firstly, the immersion study involved using one 10 mm x 10 mm sample for all pH measurements to 
form a calibration curve to investigate the reversibility and reusability of the materials in addition to 
the accuracy of the response to pH changes. To achieve this, the 4-MBA/Au/TPU or 4-MPy/Au/TPU 
NFs were immersed in 3 mL of McIlvaine buffer (within the eccrine sweat-relevant pH range of 4.0-
8.0) before the Raman measurement was taken. Subsequent measurements were then obtained by 
washing the samples in buffer with the next pH value before being immersed again. This ensured that 



the pH value of the buffer was not altered by any old buffer still present on the sample. McIlvaine 
buffer was chosen for measurements as it is composed of two polyprotic constituents, citric acid (pKa 
= 3.1, 4.7, and 6.4) and disodium phosphate (pKa = 2.15, 6.82, and 12.35), which provide a buffering 
capacity across a wide pH range (~2-8). Figure 2 and Figure 3 display the SERS response to pH 
change for immersed 4-MBA and 4-MPy functionalized samples, respectively. 

The SERS spectra at varying pH values in Figure 2a clearly show the characteristic vibrational modes 
of 4-MBA. The most sensitive pH-active Raman bands, typically used for pH sensing, are found at 
1398 cm-1 and 1707 cm-1 and are assigned to the symmetric carboxylate vibration (v(COO-)) and the 
carbonyl stretch (v(C=O)), respectively. The peak at 1590 cm-1 is assigned to the v8a ring breathing 
mode of the 4-MBA aromatic ring and was chosen as the reference peak due to the far lower intensity 
changes across the pH range of eccrine sweat compared to that of v(COO-) and v(C=O) peaks. All 4-
MBA spectra were therefore normalized to this reference peak and, to obtain a relative pH response, 
the peak intensity ratio was taken as I(pH-active peak)/I(reference peak). All relevant 4-MBA 
vibrational modes used in this paper can be found in Table 1. 

As pH increases, the relative deprotonation of 4-MBA molecules (creating carboxylate anions) 
increases and hence instigates an increase in the intensity of peak v(COO-). By contrast, as pH 
decreases, the carbonyl of the 4-MBA molecule is protonated and therefore increases the intensity of 
peak v(C=O). This behavior is clearly visible in the pH calibration curves shown in Figure 2(c-d) and 

Figure 2. SERS properties of 4-MBA Au/TPU NFs (a) SERS spectra of 4-MBA on Au/TPU 
nanofibers within the sweat pH range, normalized to reference peak, v(ref); (b) 4-MBA Raman peak, 
v(COO-), normalized to reference peak, v(ref); (c) calibration curve of 4-MBA using intensity ratio 
of peaks v(COO-)/v(ref); (d) calibration curve of 4-MBA using intensity ratio of peaks v(C=O)/v(ref); 
(e) 4-MBA Raman peak, v(C=O), normalized to reference peak, v(ref). 



in the normalized peak intensity changes in Figure 2b and 2e.  

The base-sensitive pH calibration curve using peak v(COO-) (Figure 2c) was fitted with a Boltzmann 
sigmoid function with a lower plateauing limit at around pH 4.5. This is in agreement with results 
found in other 4-MBA/Au pH sensing literature22,36 The acid-sensitive calibration curve using peak 
v(C=O) (Figure 2d) was fitted with the same type of trendline but with an upper plateauing limit at 
around pH 4.5. The 4-MBA/Au/TPU pH sensor displays high sensitivity in the linear region between 
pH 5.5-8.0 but decreased sensitivity for the lower end of sweat pH sensing between 4.0-5.5. However, 
this should not be too problematic as the average adult human sweat values have been found to fall 
between pH 5.5-7.037,38.  

In the immersion study, 27 spectra were collected for each pH value (9 spectra at three different points 
on the sample) and experiments were repeated three times with different 4-MBA/Au/TPU samples to 
obtain three calibration curves, which were averaged. The small standard deviation at each point in 
Figure 2(c-d) and high goodness of fit (R2 = 0.99 for linear region between pH 5.5-8.0) show that the 
process to produce 4-MBA/Au/TPU NFs for immersion pH sensing is both accurate and reproducible. 

The SERS spectra of 4-MPy functionalized Au/TPU NFs, with varying pH, are shown in Figure 3a 
with clear peaks observed at 1002 cm-1, 1095 cm-1, 1573 cm-1, and 1613 cm-1. These vibrational modes 
are assigned to the pyridine ring breathing v(1002), aromatic C-S bond vibration vref(1095), and ring 
deformations with antisymmetric C=C stretch vref(1573) and symmetric C=C stretch v(1613), 
respectively39,40. All relevant 4-MPy vibrational modes used in this paper can be found in Table 2. In 
other research investigating the pH response of 4-MPy, the most commonly used intensity ratios are 
v(1613)/vref(1573)19 and v(1002)/vref(1095)17,40 due to their superior sensitivity to pH changes versus 
other intensity ratios. In this study, these 4-MPy intensity ratios were used in the same immersion 
experimental procedure as was used for 4-MBA to obtain calibration curves shown in Figure 3c and 
3d.  

The pH sensing mechanism of  4-MPy/Au is based on the change in the aromaticity of the pyridine 
ring, with aromaticity much lower in the basic protonated state compared to the acidic deprotonated 
state 40. Therefore, it follows that the normalized intensities of ring deformation peaks v(1002) and 
v(1613) should decrease as pH increases, which is clearly observed in the v(1613)/vref(1573) 
calibration curve shown in Figure 3c, with the same trend generally followed in the v(1002)/vref(1095) 
calibration curve in Figure 3d. From other studies40, it is known that 4-MPy displays a sigmoidal 
response across the entire pH scale, however, the sweat pH range favorably lies within the sensitive 
linear region of the sigmoidal curve. This is reflected in both calibration curves, which show linear 
trends, and is also in agreement with literature on Au-based SERS substrates for 4-MPy pH 
sensing17,19,40. While this linear response is more suitable for sensitive sweat pH sensing compared to 
the sigmoidal trend of 4-MBA, the standard deviations across the three 4-MPy/Au/TPU samples are 
significantly larger, which implies that a single pH measurement taken from one SERS spectrum 
would be far less reliable. Despite this, the mean ratio intensities for the v(1613)/vref(1573) curve still 



show a high goodness of fit, with an R2 value of 0.97, suggesting that, with an adequate size of spectra 
collection, the pH measurements will maintain good accuracy. This is less applicable to the 
v(1002)/vref(1095) mean intensity ratios, where several points were found to fit poorly to the 
calibration curves with large standard deviations.  

The reason for the higher standard deviations of 4-MPy pH measurements compared to 4-MBA 
readings can be attributed to the different sensing mechanisms. In the case of 4-MBA, deprotonation 
and protonation occur on the carboxylic acid of the molecule. As conjugation cannot occur between 
the benzene ring and the carboxylic acid of 4-MBA, the pH-dependent changes of the carboxylic acid 
are independent of the benzene ring. By contrast, all pH-sensitive peaks present in the Raman 
spectrum of 4-MPy are related to pyridine ring vibrational modes, or bonds affected by aromaticity 
changes. From the calibration curve results in Figures 2 and 3, it would suggest that utilizing a ratio 
of two independent peaks (e.g. one from the carboxylic acid and one from the aromatic ring) provides 
far more consistent measurement results than using a ratio of two interrelated ring vibrational modes. 
This hypothesis can be further supported by plotting a pH calibration curve of the intensity ratio of 
two ring vibrational modes of 4-MBA, namely the v12 ring breathing mode at ~1080 cm-1 (v(1080)) 
and v(ref). This calibration curve can be seen in Figure 4 and shows a very similar trend to both 4-
MPy calibration curves from Figure 3, with a linear response (R2 =  0.82) across the sweat pH range 
and large measurement standard deviations. Hence, the outliers and peak shift displayed between pH 

Figure 3. SERS properties of 4-MPy Au/TPU NFs (a) SERS spectra of 4-MPy on Au/TPU 
nanofibers within the sweat pH range, in this case normalized to reference peak, v(1095); (b) 4-MPy 
Raman peak, v(1613), normalized to reference peak, v(1573); (c) calibration curve of 4-MPy using 
intensity ratio of peaks v(1613)/v(1573); (d) calibration curve of 4-MPy using intensity ratio of peaks 
v(1002)/v(1095); (e) 4-MPy Raman peak, v(1002), normalized to reference peak, v(1095). 



4.5-5.0 of intensity ratio v(1002)/vref(1095) in Figure 3d may be due to this lower accuracy of sensing 
using two ring vibrational peaks. 

 

 
Figure 4. pH calibration curve of 4-MBA/Au/TPU NF intensity ratio, v(1080)/ref, using ring 
deformation Raman peaks. Large standard deviations highlight lower pH-sensing accuracy of ring 
deformation intensity ratios versus carboxylic acid intensity ratios of 4-MBA. 
 

For wearable sweat sensing, only small volumes of sweat will be available for a pH measurement (in 
the range of µL), therefore immersion of the Au/TPU NF SERS substrate does not provide an accurate 
or full description of the suitability for low-volume sweat sensing. Therefore, a droplet study was 
investigated where 1 µL of buffer was dropped onto the surface of the Au/TPU NF substrate using a 
micropipette. 5x5 mm samples of 4-MBA/Au/TPU and 4-MPy/Au/TPU NFs were attached to an 
adhesive transparent dermal patch to form a calibration patch (Figure 5d). Once the buffer was 
dropped onto the surface of a NF sample, two different sets of SERS spectra were collected: one set 
from the side of droplet application (“on-fiber”) and the other set through the transparent dermal patch 
once the buffer had permeated through the Au/TPU NF membrane (“through-patch”).  

The calibration curves obtained from the mean normalized intensity ratios of each set of spectra can 
be seen in Figure 5a(i-ii) and 5b(i-ii) for both 4-MBA and 4-MPy functionalized NFs, respectively. 
Here it can be seen that the same behavior was found for the 1 µL droplet calibration as the immersion 
calibration, with a sigmoidal and linear response recorded for the corresponding 4-MBA and 4-MPy 
samples. Additionally, the same trends were obtained for calibration curves measured through the 
dermal patch compared to direct measurements on the NFs. The only significant difference between 
“through-patch” and “on-fiber” measurements were in the overall intensity differences, with the linear 
regions of the 4-MBA v(COO-)/v(ref) and 4-MPy v(1613)/v(1573) and v(1002)/v(1095) calibration 
curves displaying increased sensitivity for the “through-patch” measurements. Meanwhile, the 4-
MBA v(C=O)/v(ref) curve shows a decreased sensitivity for the “through-patch” compared to the 
“on-fiber” measurements. In each case, the intersection between the two lines is ~pH 7, which is 
similar to the midpoint of the curves defined by the respective sigmoid functions (Figure S2-S3). As 



the 4-MBA v(COO-)/v(ref) and v(C=O)/v(ref) ratios are negatively correlated, the similar negative 
correlation between the two 4-MBA intensity ratios displayed by the “through-patch” sensitivity 
results suggests that there is a change in the innate pH sensitivity of the molecules as a consequence 
of taking SERS measurements through the transparent dermal patch. Hence, calibration of the pH 
sensors using the “through-patch” mechanism is essential. 

Figures 5a(iii-iv) and 5b(iii-iv) display the comparison between pH measurements taken immediately 

Figure 5. Droplet calibration and stability investigation of 4-MBA and 4-MPy Au/TPU NFs  (a) 1 
µL droplet pH calibration curves obtained from measurements directly on fibers (black) and through 
the transparent adhesive dermal patch (blue) for (i) 4-MBA v(COO-)/v(ref);  (ii) 4-MBA 
v(C=O)/v(ref); and accuracy of 1 µL droplet pH measurements, compared to calibration curves, with 
measurements taken immediately (black) and after 2h of drying (red) for (iii) 4-MBA v(COO-)/v(ref) 
and  (iv) 4-MBA v(C=O)/v(ref). (b) 1 µL droplet pH calibration curves obtained from measurements 
directly on fibers (black) and through the transparent adhesive dermal patch (blue) for (i) 4-MPy 
v(1613)/v(1573);  (ii) 4-MPy v(1002)/v(1095); and accuracy of 1 µL droplet pH measurements, 
compared to calibration curves, with measurements taken immediately (black) and after 2h of drying 
(red) for (iii) 4-MPy v(1613)/v(1573);  (iv) 4-MPy v(1002)/v(1095). (c) Stability of pH sensing 
intensity ratios for 4-MBA/Au/TPU NFs and 4-MPy/Au/TPU NFs (i-ii) over 35 days; and (iii-iv) with 
addition of potential interferents present in sweat. (d) NF samples attached to transparent adhesive 
patch for 1 µL droplet calibration. 

 



after dropping the 1 µL of buffer on the NFs and measurements taken 2 hours after applying the 
droplet. This was carried out at three pH values across the sweat sensing range (pH 4.2, 6.2 and 7.0) 
and was undertaken to investigate the importance of consistent measurement timings after fluid 
application versus originally calculated calibration curves. 2 h after droplet application, the only pH 
measurement with a significant difference for the 4-MBA sensor was at pH 4.2. The 4-MPy sensor, 
meanwhile, saw greater variance across all measurements. While most of the intensity ratios did not 
differ significantly after 2 h, there were still some variations from the calibration curve for both 4-
MBA and 4-MPy, which highlights that care must be taken to ensure pH measurements are obtained 
at a consistent time interval after application of sweat to maintain reliability of results. 

In addition to testing short-term time limits on pH measurement, sensor stability was also investigated 
over a longer time period of 35 days (Figure 5c(i-ii)) and by adding potential interferents found in 
sweat to the buffer solution (Figure 5c(iii-iv)). All measurements were conducted using buffer of pH 
6.2, which is in the most sensitive region of the 4-MBA calibration curve and would be most likely 
to highlight any discrepancies in the results. Furthermore, in the case of stability measurements over 
time, pH-responsive Au/TPU NFs were stored dry at room temperature as, for real wearable 
applications, storing in solution would be inconvenient. For 4-MBA/Au/TPU NFs, both intensity ratio 
measurements remained very stable over the full 35 days with no statistically significant changes 
(v(COO-)/v(ref) p = 0.361; v(C=O)/v(ref) p = 0.644). Meanwhile, for 4-MPy/Au/TPU NFs, the 
v(1613/1573) intensity ratio measurement changed significantly after 21 days, while the v(1002/1095) 
ratio measurement varied significantly after each measurement time interval (0,7,21, and 35 days). 
This would suggest that continuous recalibration would be required for the 4-MPy-based sensor over 
time due to the instability of the pH sensing mechanism, whereas the 4-MBA-based sensor 
performance has been shown to remain stable for a time period of at least 35 days without the need 
to recalibrate. 

To investigate the possibility of other components in sweat having a significant influence on pH 
sensing performance, particularly due to fluctuating ionic strength of samples, several common 
cations found in sweat were dissolved (wt %) in pH 6.2 buffer solution before being applied to the 
pH-sensing NFs: 0.5% NaCl, 0.1% KCl, 0.1% CaCl2, 0.1% MgSO4, 0.1% urea, and 0.1% glucose. 
These ionic concentrations are at the upper limit of expected values in real sweat samples from 
athletes undergoing rigorous exercise41,42 (Table S2c). The results displayed in Figure 5c(iii-iv) 
highlight that the additives made no statistically significant difference (Table S2) to any of the pH-
sensing intensity ratios of either 4-MBA or 4-MPy (p-values shown in Table 2). Hence, since pH-
sensing performance remained stable at the two extremes of ionic concentration, it can be suggested 
that the Au/TPU NF SERS sweat pH sensor should remain stable with changing ionic strengths of 
sweat samples. 

Table 2 summarizes the 1 µL through-patch pH sensing results for both 4-MBA and 4-MPy samples. 
A more detailed summary can be found in Supporting Information, Table S1. Comparing the two 



molecules performance suitability for sweat pH sensing, it is clear that between pH 5.5-7.0 the two 
4-MBA intensity ratios provide the most accurate and sensitive measurements. Taking the pH sensing 
resolution as the smallest measurement possible without data points overlapping with standard 
deviations, the resolutions for 4-MBA intensity ratios are calculated as 0.14 and 0.33 pH units for 
v(COO-)/v(ref) and v(C=O)/v(ref), respectively. Furthermore, both ratios show excellent stability over 
time (over 35 days) and with sweat cation additives. Hence, for wearable sweat sensing in the pH 5.5-
7.0 range, it should be recommended to use the 4-MBA/Au/TPU NFs. However, in the pH range 
between 4.0-5.5, the 4-MBA intensity ratios are greatly reduced by the nature of the Boltzmann 
sigmoid trend - at this point, resolutions for the 4-MBA intensity ratios become 1.21 and 1.48 pH 
units for v(COO-)/v(ref) and v(C=O)/v(ref), respectively. In this pH range, it should instead be 
recommended to use 4-MPy v(1613)/vref(1573) for measurements, which has a resolution of 0.51 pH 
units.  

Therefore, by utilizing a combination of the two 4-MBA intensity ratios and the 4-MPy 
v(1613)/vref(1573) intensity ratio, good pH sensing performance can be expected over the full sweat 
pH sensing range with as little as 1 µL fluid volumes.  

 

 

 

Table 1. SERS peak assignments for relevant 4-MBA and 4-MPy vibrational modes 

4-MBA 4-MPy 
Name Raman shift 

(cm-1) 
 

Peak 
assignment36 

Name Raman shift 
(cm-1) 

Peak 
assignment19 

 
v(1080) 

 
1080 
 
 

 
v12 ring breathing 

 
v(1002) 

 
1002 

 
ring breathing 

v(C=O) 1398 symmetric 
carboxylate stretch 
 

vref(1095) 1095 C-S vibration 

v(ref) 1590 v8a ring breathing vref(1573) 1573 antisymmetric 
C=C ring stretch 
 

v(COO-) 1707 carbonyl stretch v(1613) 1613 symmetric C=C 
ring stretch 
 

 
  



Table 2. SERS pH sensing performance comparison of 4-MBA and 4-MPy Au/TPU NFs on 
transparent dermal patch. 

 4-MBA/Au/TPU NFs 4-MPy/Au/TPU NFs 

 v(COO-)/v(ref) v(C=O)/v(ref) v(1613)/vref(1573) v(1002)/vref(1095) 

Sensitivity 
(Intensity ratio 
units per 1 pH 
unit) 

pH 4.0-5.5: 
0.0085 
 
pH 5.5-8.0: 
0.0752 
 

pH 4.0-5.5: 
0.0077 
 
pH 5.5-8.0: 
0.0340 
 

0.2175 0.0859 

pH measurement 
resolution 

pH 4.0-5.5: 
1.21 
 
pH 5.5-8.0: 
0.14 
 

pH 4.0-5.5: 
1.48 
 
pH 5.5-8.0: 
0.33 
 

0.51 0.60 

Repeat 
measurement 
accuracy (% 
error) 

At pH 4.2 
9.34% 
 
At pH 6.2 
2.20% 
 
At pH 7.0 
5.14% 
 

At pH 4.2 
2.93% 
 
At pH 6.2 
4.31% 
 
At pH 7.0 
6.15% 
 

At pH 4.2 
5.01% 
 
At pH 6.2 
7.92% 
 
At pH 7.0 
13.67% 
 

At pH 4.2 
1.95% 
 
At pH 6.2 
16.29% 
 
At pH 7.0 
7.67% 
 

Stability over 
time* 

No significant change 
over 35 days 
p = 0.361 
 

No significant change 
over 35 days 
p = 0.644 
 

Significant change 
after 21 days 
p = 0.021 
 

Significant change 
after 7 days 
p = 0 
 

Stability with 
sweat cation 
additives* 

No significant change 
p = 0.905 
 

No significant change 
p = 0.408 
 

No significant 
change 
p = 0.557 
 

No significant 
change 
p = 0.707 
 

Stability after 
cyclic stretching* 

Significant change 
after 100 stretch 
cycles 
p = 0.038 
 

No significant change 
after 300 stretch cycles 
p = 0.958 
 

Significant change 
after 300 stretch 
cycles 
p = 0 
 

Significant change 
after 100 stretch 
cycles 
p = 0.002 
 

*Further details on Welch’s one-way ANOVA and t-test data found in Supplementary Information, Table S2-5. 
 
  



3.3 Wettability of SERS-active Au/TPU electrospun fibers 

The wettability of the SERS-active Au/TPU NFs was studied to investigate the behavior of water 
permeability through the electrospun fibers with different combinations of the inherent 
hydrophobicity of the TPU and hydrophilicity of the 4-MBA or 4-MPy. The concept of wearable 
sweat pH sensing using these fibers (Figure 1a) requires secreted sweat from the skin to permeate 
through the fibrous mesh and to sufficiently wet the opposite (exposed) side so that an accurate SERS 
measurement can be taken.  

Figure 6 shows the 1 µL water droplet contact angle measurements of the TPU electrospun NFs with 
different combinations of coatings. In each case, deionized water was used as the liquid for 
measurements with the assumption that the wettability and surface tension differences between water 
and sweat would be insignificant. NFs were sputter coated with Au on either one side or both sides 
and subsequently functionalized with the SERS-responsive molecule. For fibers without 
functionalization, both the TPU and Au/TPU NFs showed similar hydrophobic properties, with high 
contact angles of 122.0° and 106.7°, respectively. In the cases of NFs sputter coated on one side with 
Au and functionalized with 4-MBA or 4-MPy, the Au side showed far greater hydrophilicity 
compared to the unfunctionalized samples, with contact angles of 32.6° and 29.7°, respectively. This 
is an expected alteration due to the hydrophilicity of 4-MBA and 4-MPy SAMs. 

 
Figure 6. 1 µL water droplet contact angle measurements on blank Au/TPU electrospun fibers and 
Au/TPU fibers functionalized with hydrophilic 4-MBA or 4-MPy. Functionalized samples were 
either sputter coated with 30 nm of Au on one side or on both sides. Samples with sputter coating on 
only one side had water contact angle measurements taken on both the Au (coated) side and the TPU 



(uncoated) side. 

It is desirable for the TPU NFs to be sputter coated with Au and functionalized with either 4-MBA or 
4-MPy on only one side for ease of fabrication, however, in this scenario a water droplet on the TPU 
(hydrophobic) side did not permeate through to the Au (hydrophilic) side and instead remained on 
the surface until evaporation. To circumvent this, TPU NFs were sputter coated with 30 nm of Au on 
both sides and functionalized to enable a hydrophilic-hydrophobic-hydrophilic (Au-TPU-Au) layer 
structure. With this, the contact angles were reduced compared to the TPU side of single-coated NFs 
but were slightly higher compared to the Au side of the single-coated NFs. Crucially, the water droplet 
permeated through the NF mesh and wetted the opposite side for both 4-MBA and 4-MPy. 

Hydrophobicity and water penetration of fibrous polymer materials have been shown to be related to 
fiber diameter, pore size, and membrane thickness43,44. For water contact angle testing, all NF samples 
had mesh thicknesses between 0.074-0.129 mm (mean = 0.101 ± 0.020 mm) and mean fiber diameters 
231 ± 36 nm. Hydrophobic materials with smaller fiber diameters (from tens to a few hundred 
nanometers) have been noted to have increased contact angles due to their ability to break the liquid 
contact line into smaller sections (Cassie-Baxter wetting state)44. Hence, if the second Au sputter 
coating step was to be removed to simplify the process, then, potentially, fiber diameter would need 
to be increased and fiber membrane thickness would need to be decreased. However, it has been 
shown earlier in this study that increasing fiber diameter decreases SERS response intensity and so a 
balance must be found between device sensitivity and ease of fabrication to suit the needs of both 
manufacturer and end-user.  

 

3.4 Mechanical testing 

During their lifetime, wearable flexible sensors attached to the epidermis will be under constant 
mechanical stresses and strains due to body movement. It is important, for sensor durability, that 
sensor performance is not significantly altered by the sudden mechanical deformations that can occur 
during wearing. Hence, the SERS-responsive Au/TPU NFs were mechanically tested to investigate 
the elastic, dissipative and failure properties  of the nanofibrous SERS substrates, and to observe the 
level of quasi-static cyclical deformation that can be withstood before sensing performance is 
significantly altered.  

Firstly, the tensile failure of the material was measured using only 4-MBA/Au/TPU NFs (as the 
identity of the pH-reporter should not have a significant influence on tensile properties of the 
samples).  This result is shown in Figure 7a, where samples were used with as similar thicknesses 
(mean = 0.122 ± 0.029 mm) and widths (mean = 5.0 ± 0.4 mm) to the Raman-characterized samples 
as possible. The average tensile strength was found to be 9.25 ± 0.67 MPa and the average maximum 
strain at break was 111.1 ± 9.3%. This shows similar tensile strength but lower strain at break 
compared to pure TPU NFs (8.71 ± 1.67 MPa and 153 ± 22.4%, respectively), as shown in Figure 
S7a. 4-MBA/Au/TPU NF tensile performance remained close to linear elastic behavior until 



breakage, with a Young’s Modulus of 8.40 ± 1.26 MPa. It should be noted that, due to the very 
particular nature of the electrospun specimen, these results do not conform to ISO or ANSI standards 
for tensile testing and the experiments were tailored to investigate suitability to fatigue for wearable 
sensing in the case of this specific pH-sensing application only.  

 
Figure 7. Mechanical properties of 4-MBA and 4-MPy Au/TPU NFs (a) Single tensile testing until 
failure of 4-MBA/Au/TPU NFs; (b) Stress over time of quasi-static cyclical tensile testing of 4-
MBA/Au/TPU NFs (first 100 cycles of 300 at 50% strain); (c) Stress versus strain of quasi-static 
cyclical tensile testing of 4-MBA/Au/TPU NFs (first 100 cycles of 300 at 50% strain); (d) Maximum 
cycle stress and hysteresis energy dissipation of 300 cycles of 50% strain of 4-MBA/Au/TPU NFs 



(note: Raman spectroscopy was performed after 100 cycles each time, giving the samples time to 
recover partially from longitudinal strain associated with the creep nature of the cyclic test); (e) SEM 
images of 4-MBA/Au/TPU NFs after cyclical stretching at different strains (0%, 50%, and 100%) 
with different magnifications, 800x (top) and 5000x (bottom); (f) pH sensing stability of 4-
MBA/Au/TPU NFs at 50% cyclic strain; (g) pH sensing stability of 4-MPy/Au/TPU NFs at 50% 
cyclic strain. 

From this maximum strain, quasi-static cyclical tests were undertaken on different 4-MBA/Au/TPU 
NF samples at 10%, 50%, and 100% strain for 100 cycles each at a strain rate of 50 mm·min-1. These 
results can be seen in Supplementary Information, Figure S4-S5 and Table S5. It was found, for 
cyclical testing at 10% and 50% strains, that 4-MBA pH sensing performance did not change 
significantly (p = 0.630), however, for 100% strain pH sensing accuracy was significantly lost for 
both v(COO-) and v(C=O) intensity ratios. SEM images of the NFs after the different cyclical tests 
(Figure 7e) were inspected and it was observed that in the case of 50% strain, fibers were very similar 
to unstrained fibers with very few fiber breakages. With 100% strain, however, a sharp increase in 
the number of broken fibers was observed and microscale ripples also appeared. From other work 
using nanowire-based SERS sensing, it was concluded that the SERS response originates from 
hotpots located at nanowire intersections17. When strains are applied to TPU NFs that are close to 
strain at break, intersection debonding and failure occurs45, which would result in a change in SERS 
intensity. It is also known that when SAMs are damaged, they will rearrange their structure to repair 
themselves46. It would therefore be suggested that these large changes in fibrous sample morphology 
are the main contributing factors in the significant change in pH sensing performance due to NF 
intersection debonding, SAM rearrangement and the subsequent SERS peak intensity alterations. 

The effect of the number of quasi-static 50% strain cycles on pH sensing performance of 4-MBA and 
4-MPy samples was also investigated. 300 cycles of 50% strain were applied to 4-MBA/Au/TPU and 
4-MPy/Au/TPU NFs with Raman measurements taken after every 100 cycles, as shown in Figures 
7f-7g. Stress-time and stress-strain graphs representing the first 100 strain cycles for 4-MBA/Au/TPU 
NFs are displayed in Figure 7b and 7c, respectively. Equivalent graphical data can be seen for 4-
MPy/Au/TPU NF cyclical tensile testing in Supporting Information, Figure S6.  

The nonlinear elastic behavior observed in Figure 7c is that of typical elastic hysteresis, with the area 
of the loading/unloading hysteresis loop representing the energy dissipated due to internal alignment 
and disentanglement of elastomer chains as well as fiber-to-fiber friction of the NF membrane. The 
nanostructure of the NF membrane consists of a tangle of fibers with either non-bonded or load-
carrying point-bonded intersections. At lower strains, within the elastic region of the Au/TPU NFs, 
energy dissipation is primarily attributed to friction caused by internal elastomer chain effects and 
slippage of  the non-bonded fibers within the membrane45. At higher strains, when point-bonds 
fracture or debond within the NF membrane, a further contribution is made towards the total internal 
energy dissipation. Therefore, any significant level of point-bond breakage should therefore be 
noticed by a change in SERS intensity and losses in tensile strength and energy dissipation.  

Figure 7d compares the maximum stresses and energy losses recorded with each 50% strain cycle for 



4-MBA/Au/TPU NFs. With each cycle, the maximum stress and energy loss exhibit exponential 
decay until the 100th cycle where the NFs were removed for SERS measurements. This can be 
attributed to the phenomenon known as the Mullin’s effect, or stress softening. Due to the NF 
membrane internal structure returning to its equilibrium point between cyclical tests, an expected 
increase can be seen in maximum stress and energy dissipation at cycles 101 and 201. However, the 
second and third sets of 100 cycles display a mutually consistent decrease in initial maximum stress 
(around 2.75 MPa) and energy loss compared to those recorded from the first set of 100 cycles (which 
shows similar behavior to cyclic strain of pure TPU NFs in Figure S7b). This is not due to the Mullin’s 
effect and is instead attributed to the weaker point-bond intersections within the membrane suffering 
sustained damage and plasticization, resulting in lower stiffness. Further evidence that this is due to 
fiber fracture is shown by cyclically straining a TPU film, where tensile strength was observed to not 
decrease but instead increase due to strain hardening effects (Figure S7c). The consistent maximal 
stress and energy dissipation after the initial cycles highlights the long-term stability of the system 
for this strain range (50%). A similar trend can be seen in the SERS response of the 4-MBA v(COO-

)/ v(ref) intensity ratio in Figure 7f, with an initial 7.2% decrease in the ratio from 0 cycles to 100 and 
then a levelling off in the measurements between 100-300 cycles. Although the overall change in the 
v(COO-)/v(ref) intensity ratio was found to be statistically significant with 50% strain cycles 
(p=0.038), the main variance was observed between 0 and 100 cycles (p=0.011) with the subsequent 
measurements between 100 and 300 cycles displaying greatly improved stability (p=0.855). 
Therefore, to ensure that the sensing performance of the 4-MBA/Au/TPU NFs preserves acceptable 
stability for continuous strains up to 50% during wearing, it should be recommended to prestrain the 
4-MBA/Au/TPU NFs for 100 cycles at 50% strain to eliminate the mechanically weaker point-bond 
intersections and NFs before the sensor is calibrated and applied to the body. 

 

3.5 Sweat pH sensing 

To test the accuracy of 4-MBA and 4-MPY Au/TPU NFs for sweat pH sensing, eccrine sweat was 
collected from two human subjects after 30 min of exercise. For the first subject, sweat was collected 
using absorbent patches to form two samples from the lower back and from the forearms/pectorals. 
Meanwhile, for the second subject, sweat was collected from the lower back, forearms, and pectorals 
and pooled together to form a single sample. A more detailed overview of sweat analysis data can be 
found in Supporting Information, Figure S8 and Table S6. The pH values of these samples were then 
analyzed using both a commercially available pH micro-electrode and the SERS-active Au/TPU NFs 
attached to transparent dermal patches (Table 3). An image of the pH-responsive Au/TPU NF dermal 
patch attached to a human subject can be seen in Figure S8b. 

It can be seen from the results in Table 3 that the pH measurements taken from the two 4-MBA 
intensity ratios and the commercially available sensor are similar, with the sensing accuracy 
improving as the sweat pH values tended towards the more sensitive region of the 4-MBA calibration 



curve. Overall, the 4-MPy v(1613)/vref(1573) mean measurements were closer in value to the 
commercial pH meter measurements  than the 4-MBA mean measurements, particularly for the lower 
pH values. However, standard deviations of the 4-MBA and 4-MPy sweat pH measurements were 
found to be similar to their respective resolutions calculated during pH sensing calibration, with the 
4-MPy measurement variance observed to be much higher than for 4-MBA measurements. Hence, it 
is difficult to definitively conclude which pH-sensitive molecule was more accurate based on these 
results. This also highlights the importance of collecting a large number of SERS spectra for 4-MPy 
pH sensing to ensure a reliable measurement is obtained. All sweat pH values fell between 5.5-7.0, 
the pH range of adult sweat collected after exercise found from other studies37,38.  

 

Table 3. Comparison of sweat pH measurements using pH micro-electrode, 4-MBA and 4-MPy 
Au/TPU NFs 

 

pH meter 

              4-MBA                   4-MPy     

Hybrid 1 Hybrid 2  v(COO-)/v(ref) v(C=O)/v(ref) v(1613)/vref(1573) 

Subject 1 – 
Lower back 

5.62 ± 0.01 5.84 ± 0.60 5.76 ± 0.56 5.53 ± 0.67 5.80 ± 0.36 5.58 ± 0.63 

Subject 1 – 
Forearms/ 
pectorals  

5.83 ± 0.01 5.96 ± 0.10 5.91 ± 0.22 5.73 ± 0.98 5.94 ± 0.17 5.82 ± 0.73 

Subject 2 – 
Upper body  

6.20 ± 0.01 6.14 ± 0.14 6.19 ± 0.34 6.18 ± 0.59 6.17 ± 0.26 6.15 ± 0.47 

Hybrid 1 – Average of 4-MBA v(C=O)/v(ref) and v(COO-)/v(ref) pH measurements. Hybrid 2 – 
Average of 4-MBA v(C=O)/v(ref), v(COO-)/v(ref), and 4-MPy v(1613)/vref(1573) pH measurements.  

 
To increase the chances of converging on an accurate measurement, means of the different ratios were 
taken with “Hybrid 1” defined as the mean of the two 4-MBA intensity ratios and “Hybrid 2” defined 
as the mean of all three intensity ratios in Table 3. In this case study, the mean values found using the 
Hybrid 2 mechanism were closer to the pH meter measurements than Hybrid 1 for the lower pH 
values, however, the higher standard deviations imply the Hybrid 2 measurements were also less 
consistent. Meanwhile, Hybrid 1 showed an improvement in accuracy for the higher sweat pH value 
of Subject 2. This result is expected as the two sweat pH values obtained from Subject 1 are close to 
the upper limit of the “low sensitivity region” of 4-MBA pH sensing (pH 4.0-5.5). Hence, it can be 
reasoned that the use of a hybridized pH sensing mechanism can improve pH sensing accuracy but 
need to be used within certain thresholds. From the sweat sensing data in Table 3, as well as the 
calibration data from Table 2, it can be approximated that below pH 5.5, 4-MPy v(1613)/vref(1573) 
should be prioritized for sensing; between pH 5.5 and 6.0 Hybrid 2 should be used, while from pH 
6.0 onwards, Hybrid 1 should be preferred. For sweat pH sensing to be optimized using this Au/TPU 
SERS wearable patch, a model must be designed that prioritizes different combinations of the three 
SERS intensity ratios within their most suitable pH ranges. 



Overall, the SERS-active Au/TPU NF pH sensors displayed good sweat pH sensing accuracy and 
only required 1 µL of sweat to obtain measurements compared to the micro pH electrode, which 
required at least 200 µL. Another advantage of the Au/TPU NF pH sensors, that shows suitability to 
wearable sensing applications, is in their ability to be stored dry at room temperature and still maintain 
good accuracy. However, while in its current state the Au/TPU NF SERS substrate offers a proven 
accurate single-use platform for low-volume wearable sweat pH sensing, further development is 
required to enable continuous wearable monitoring. The immersion study, where a single Au/TPU 
NF pH sensor was used for all pH measurements to form a calibration curve with washing cycles 
between each measurement, highlighted the reusability of the SERS substrate. By utilizing 
microfluidic channels with inlets and outlets, flow rate and volume of delivered sweat could be 
controlled which would potentially prevent old sweat from collecting and significantly influencing 
subsequent results. Another improvement for this sweat pH sensor would be the addition of an on-
demand sweat delivery system. This could involve the integration of an iontophoresis device, which 
uses low electrical current and an agonist to stimulate localized sweating, and has been shown before 
for wearable SERS sweat sensing18. Furthermore, the two pH-sensitive molecules, 4-MBA and 4-
MPy, could potentially be combined on a single SERS substrate for simpler SERS processing. 
However, this would require techniques such as well-designed patterning to ensure 4-MBA and 4-
MPy distribution would be homogenous and repeatable. Additionally, the Au/TPU NFs could be used 
to simultaneously measure pH and other sweat analytes by utilizing different functionalizations and 
other sensing techniques. For example, Aldea et al. developed an electrochemical sweat glucose 
sensor using Au-coated electrospun NFs47. This shows the potential to functionalize the Au/TPU NFs 
with both 4-MBA/4-MPy and the glucose-sensitive enzyme, glucose oxidase, to form an integrated 
optical/electrochemical sensor capable of simultaneously sensing sweat glucose and sweat pH for 
real-time calibration. Alternatively, glucose could also potentially be detected using the SERS-active 
Au/TPU NFs by utilizing boronic acids as the sensitive molecules, as demonstrated in work by 
Sharma et al.48 Furthermore, the ability of the SERS-active Au/TPU NFs to accurately measure pH 
from low volumes of liquid could be applied to sensing using other biofluids such as blood, tears, 
saliva, and urine. Future studies will focus on development of the Au/TPU NF SERS sweat pH sensor 
for continuous monitoring with an emphasis on long-term wearable sweat sensing stability and 
reusability as well as gathering and correlating data to health conditions. 

 

4. Conclusion 

In this paper, a wearable and flexible Au/TPU electrospun nanofibrous SERS patch was developed 
and investigated for suitability towards the application of wearable sweat pH sensing. Two commonly 
utilized pH-responsive molecules, 4-MBA and 4-MPy, were used to functionalize the Au/TPU NFs 
and tested for their accuracy and stability over time and with applied tensile strain. It was found that 
the 4-MBA/Au/TPU NFs could provide accurate pH sensing (~0.14-0.33 pH resolution) within the 



range of pH 5.5-7.0, requiring only 1 µL of sweat for measurements, and show no significant changes 
in sensing performance over a time period of 35 days and with 300 tensile cycles of 50% strain. 4-
MPy/Au/TPU NFs were discovered to be less accurate (~0.51 pH resolution) and stable than their 4-
MBA counterparts but serve as a good supplement to extend the sensitive range of the pH sensor to 
the full sweat pH range (pH 4.0-7.0). It was proposed that a hybridized system utilizing averaged pH 
measurements from both 4-MBA and 4-MPy Au/TPU NF sensors could be used to optimize pH 
sensing accuracy. 

Overall, the simple low-cost fabrication, mechanical stability, ease of dry room temperature storage, 
ability for water to quickly penetrate the NF membrane, and accurate SERS measurements using low 
volumes of liquid highlight the suitability of the Au/TPU NF SERS substrate towards wearable sweat 
sensing. Furthermore, the Au/TPU NF SERS substrate also has potential to be applied to sensing 
using alternative biofluids (such as blood, tears, saliva, and urine) as well as other popular SERS 
applications such as in extracellular measurements. 
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