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Abstract 

The electrochemical measurement of sodium ion concentration has a long history and would appear 

to be ideally placed to serve as the core methodology for sensors that could detect the early onset of 

hyponatremia. However, there are still many challenges to be overcome – especially when considering 

elderly end users. This communication highlights the procedural and technological barriers and 

highlights advances that have been made in attempting to overcome them. 
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1.0 Introduction 

Identification of hyponatremia (serum sodium concentration < 135 mmol/L) at an early stage has long 

been recognised as critical and there is an extensive body of research that underscores its value as a 

predictor of mortality and morbidity [1,2]. While it is one of the most common electrolyte disorders 

in a hospitalised population, mild chronic hyponatremia is the more common form encountered in the 

community [3]. The prevalence of the condition within the geriatric population is particularly 

concerning as it implicated in cognitive function, gait disturbances, osteoporosis, fractures and falls 

[3]. The latter is a major health concern with estimates suggesting that 30% of those aged over 65 

years and living in the community are liable to suffer a fall at least once per year. This rises to 50% for 

those patients aged over 80 years. As falls can result in moderate or severe injury that will inevitably 

restrict their ability to engage in everyday activities, it is little surprise that falls are considered as the 

first stage of dependence. The latter is supported by the fact that some 40% of elderly patients 

admitted to hospital are subsequently institutionalised with the mortality rate ranging up to 11% [4]. 

While there are many “assistive living” sensors that can alert carers or family when a fall has occurred, 

prevention is clearly a more preferred option. Given the importance of hyponatremia as a risk 

stratification indicator and the potential to treat hyponatremia, there is a pressing need for point of 

care sensors that can provide robust measurements of sodium ion concentration. The target patient 

group, however, presents a unique set of challenges in terms of operational accessibility and 

technological capability. The aims of this communication are to critically assess how electrochemical 

sensors could address some of these issues and highlight emerging technologies. 

2.0 Commercial Point of Care Systems 

There are few commercial technologies to enable direct measurement of electrolyte within a 

community care scenario. Point of care (POC) systems (i.e. i-Stat™, OPTI Critical Care, EPOC® analysers, 

HORIBA LaquaTwin Salt meter) can offer discrete analysis [5-7] but are unsuitable for providing 

periodic/continuous monitoring of the subject’s electrolyte balance and the patient would require 

repeated attention by a suitably qualified nurse / healthcare practitioner. Effective use of such systems 

would require regular blood sampling and may not be viable given the economic and time pressures 

on community nursing. Sampling can vary from the extraction of venous blood (blood panel) to finger 

prick capillary testing. While relatively benign for younger cohorts, the skin of an elderly patient is 

much thinner and more susceptible to bruising and pain and hence relying on patients to self-

administer such tests could generate issues of adherence and competency.  
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3.0 Wearable Sensors and Smart Technologies 

Wearable sensors, in contrast, could offer autonomous sampling and reporting thereby removing both 

patient and nursing issues and, in many respects, the elderly patient could be viewed as the ideal end 

user. The ideal is for a minimally invasive sensing system capable of providing real-time or periodic 

telemetry of sodium level which can thereby enable more timely, and indeed lifesaving interventions. 

The availability of real-time information would support self-management with connected health 

(mHealth) reporting allowing specialist oversight within the community. The telemetry aspect is 

critical allowing predictive modelling of potential trends rather than relying of discrete points. This is 

highlighted by the fact that a sudden drop in sodium (below 120 mmol/L in 48 h) can lead to cerebral 

edema [8]. Clearly, a wearable device would be much better placed to provide a more effective 

warning than waiting for a scheduled appointment for a blood panel to be taken, analysed and 

assessed. 

While commercial smart watches offer a range of physical measurements (i.e. heart rate), biochemical 

tracking remains within the confines of the laboratory though this may change in the near term with 

electrolyte monitoring coming to the fore. The measurement of the latter could arguably be 

considered one of the easier targets given a mature knowledge base relating to the potentiometric 

detection of Na+,K+, Mg2+. There are also key benefits such as the reagentless nature of such sensors, 

low instrumentational overhead and ease with which they can be combined with smart device 

electronics.  Some of the more recent approaches are compared in Table 1 with those describing a 

complete wearable system denoted as “integrated”.    

 In most cases, the sensors are based on solid contact membranes screen printed onto flexible 

substrates and rely on conventional sodium receptors such 4-tert-Butylcalix[4]arene-tetra acetic acid 

tetraethyl ester (Na Ionophore X) . The latter has consistently demonstrated near Nernstian behaviour 

with little to no interference from other electrolytes (K+, Ca2+, Mg2+ etc) [9-19]. Solid state NASICON 

type materials have also been explored in the past and variants continue to emerge and while these 

have been employed in a potentiometric mode, it is worth noting that Suherman et al. (2020) 

described a voltammetric approach relying on Na+ insertion in to an iron(III) phosphate modified solid 

state structure. A preliminary evaluation of the analytical efficacy of the approach has been shown 

through the analysis of sweat [20].  

The emergence and accessibility of laser induced graphene (LIG) brings an additive approach to the 

electrochemical design strategies [15] and could significantly speed developments with this area. The 

ability to directly pattern electrode architectures using graphic design software with low cost lasers 
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using flexible polyimide provides an easy route into the wearable sector and stands in marked contrast 

to the labours and costs associated with conventional screen printed approaches.  

Sampling is an issue for any analytical device with the forthcoming wearables almost invariably relying 

on sweat as the prime biofluid. This overcomes many of the traditional hurdles associated with the 

complexity of blood and deftly avoids the conflict and discrepancies between direct (whole blood) and 

indirect (plasma) potentiometry [5-7]. The target consumer for such devices, however, is unlikely to 

be those identified as being within a clinical risk group but, rather, those engaged in regular sporting 

activities or intense exercise where they may be at risk of exercise associated hyponatremia (EAH).  

While the significance of low sodium is clear, the impact of EAH can be considered as a silent killer as 

it is often difficult to differentiate it from exertional heat illnesses (EHI) due to overlapping symptoms 

of collapse, dizziness, weakness, and in severe cases mental status changes. Sporting events, 

endurance races or intense gym exercise can result in participants possessing asymptomatic 

hyponatremia rates ranging from 5% to 51%. As in the case of clinical hyponatremia, late diagnosis 

EAH can be fatal [21]. 

Table 1. Recent developments in potentially wearable sodium ion sensing systems 

Electrode 
Type 

Wearable Integrated 
Sensor 

Sample Ionophore / Membrane / 
Reference  

Linear 
Range 
mol/L 

Ref 

SPCE  Carbon 
Black 

Y N SW 
Na Ionophore X / PVC 
PVB Reference 

10-4 – 1 9 

SPCE - PEDOT Y Y SW Na Ionophore X / PVC 10-4 - 10-1 10 

Au /CNT Film 
on PI 

Y Y SW 
Na Ionophore X / PVC 
PVB / Nafion Reference 

10-3 – 1 11 

C-Paste Film Y Y SW Na0.44MnO2 
0.2 x 10-3-
21 x 10-3 

12 

Au - CNT 
EcoFLex 

Y Y SB 
Na Ionophore X / PVC 
PVB Reference 

10-3 – 1 13 

SWCNT-POT / 
PET 

Y N SW Na Ionophore X / PVC 10-3 – 1 14 

LIG – 
PEDOT:PSS 

Y Y SW Na Ionophore X / PVC 10-4 – 10-1 15 

FET Au/CNT Y N SW 
Na Ionophore X / PVC 
PVB Reference 

10-4 – 10-1 16 

FET-CVD 
Graphene 

Y N SW Na Ionophore X / PVC 10-8 – 10-1 17 

SS MN Cu/Pd 
PEDOT:PSS 

Y Y ISF 
Na Ionophore X / PVC 
PVB Reference 

5x10-3- 
2x10-1 

18 

FET-MN 
Au/Ag 

Y Y ISF 
Na Ionophore X / PVC 
PVB Reference 

10-2-
1.6x10-1 

19 

Where: SPCE = Screen printed carbon electrode; PEDOT = poly(3,4-ethylenedioxythiophene); PSS=  polystyrene sulfonate; PI = 
Polyimide; LIG = Laser Induced Graphene; SWCNT = Single walled carbon nanotube; SS = stainless steel; MN = Microneedle; 
CVD = Chemical vapour deposition; FET = Field effect transistor; PVC = Polyvinylchloride; PVB = Poly viny butyral; POT = poly(3-
octylthiophene); SW = Sweat; SB = Saliva and Blood; ISF = Interstitial fluid;  
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The sampling of sweat however is not without difficulty. Although the core sensing methodology may 

be well established, collection, transport and indeed removal of the sweat necessitates the 

introduction of a design complexity that can be prohibitive for commercial adaptation. As such, there 

will be a question over what is actually being measured – does the sodium concentration reflect the 

immediate flux or is it cumulative? This reflects whether the collection device is designed for long term 

application or short term/discrete sampling.  

From the perspective of an elderly patient, exercise to induce sweating is unrealistic and the sodium 

measurement would need to be done while the patient is passive. Sweat collection under such 

conditions would be at best variable and more likely to be inconsequential thereby removing the 

analytical efficacy of the device. Although the accessibility and acceptability of the wearable design 

approach and autonomous measurement capability is advantageous, the reliance on sweat is clearly 

problematic for the elderly patient.  

The unreliability of sweat in this context is compound by the fact that sodium in sweat can be highly 

variable (typically 10-100 mM) and can be greatly influenced by activity and environmental conditions 

[22,23]. A critical consideration, especially from a clinical viewpoint relates to how the sweat sodium 

measurement relates to the systemic concentrations of the ion that influence physiological processes. 

There is scant literature in this regard and, while it is tempting to suggest that technology has outpaced 

the available clinical data, it could be argued that only by having the technology can the clinical data 

be acquired. Interstitial fluid (ISF), in contrast, has an electrolyte concentration similar to that of 

plasma and therefore offers a stronger clinical correlation [23]. 

4.0 Microneedle Patches 

Transdermal technologies sampling ISF have found some commercial success through the 

autonomous monitoring of glucose (i.e. Abbott Freestyle). The design and production of microneedles 

(MN) intended for sensing applications has seen a wide variety of strategies adopted and these have 

been extensively reviewed [24,25]. Silicone moulds (typically PDMS) facilitate lab scale production and 

offer an easy route through which to rapidly prototype new MN compositions and thereby refine their 

properties and performance [25-29]. The micro-moulding technique offers a facile means of modifying 

the MN composition to include drugs but such methods can also be exploited to enable the production 

of MN arrays for sensing applications. The viability of this approach was demonstrated through the 

production of polycarbonate – palladium composite MN sensors [28]. Typical commercial moulds 

(Micropoint Technologies, Singapore) can provide needle dimensions that range from 200-1000 m 

in height (200 m base x 500 m pitch). Substitution of the Pd with carbon nanoparticles [29] allows 

exploitation of detection strategies previously developed at conventional carbon electrodes. More 
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recently, advances in the resolution of 3D printers (with increasingly common 4K UV LCD systems 

offering XY resolutions of 35-50 m) have widened the design capabilities further offering direct 

integration of the needles within custom devices [30,31]. In most cases, the latter are non conductive 

and require post manufacture modification to enable their sensing capabilities. 

A dual sensing MN capable of continuously monitoring both Na+ and K+ within ISF has been described 

by Li et al. (2021) with a near Nernstian response (56 mV/decade) to Na+ [18]. The Na+, K+ ion selective 

electrodes (ISE) and Ag/AgCl references were all fabricated from 50 m diameter copper wire which 

were sequentially treated with the ionophore/membrane components (Table 1). All three electrodes 

were then inserted within a 26 gauge stainless steel needle (outer /inner diameters of 464 m and 

260 m respectively).  It is clear that the preparation of the individual needles is far from compatible 

with mass manufacturing processes but the performance of the device is nevertheless significant. 

Coating the Ag/AgCl reference with a cocktail of poly vinyl butyral / NaCl produces a marked 

insensitivity to varying sample chloride concentrations - a critical consideration for any potentiometric 

sensor and an approach that is being increasingly adopted [9,11,13,16,8,19]. As is common with most 

proof of concept MN designs, evaluation is performed in simulated conditions and there remains 

questions as to long term biocompatibility of the ISE sensing surfaces and its accuracy.  

A more scalable option has been reported by Zheng et al. (2022) based on an extended gate field 

effect transistor (FET) design [19]. In contrast to an earlier Na+ sensitive FET design based on sweat 

measurements [16], Zheng and colleagues exploit micro moulding techniques to yield MN patches 

drop cast coated with ionophore x for Na+ detection and which sample ISF. The system is exemplary 

in being one of the few that have progressed to human trials. In this particular case, removal of the 

MN patch results in pore closure in around 30 minutes but repeated administration over long 

monitoring periods will inevitably increase the possibility of bacterial ingress and infection. The latter 

could be especially problematic when considering an elderly cohort already dealing with multiple co-

morbid conditions.   

5.0 Conclusions 

The systems described reside within proof of concept and there are some caveats to consider. The 

difference between a normal sodium level (135-145 mmol/L) and the hyponatremic threshold (<135 

mmol/L) is very small and its ability to reliably distinguish between the two in everyday practice can 

only be ascertained through validated trials. Nevertheless, the on-body measurement by disposable 

MN, complimented by intrinsic mechanical flexibility and wireless connectivity clearly highlight a 

potential path to meeting the requirements of elderly end users. 



Quin, Ulster University, Feb 2023 

7 

 

Declaration of Interest: None 

References 

[1]  D. Farmakis, G. Filippatos, J. Parissis, D. Kremastinos, M. Gheorghiade, Hyponatremia in heart failure, 

Heart Fail. Rev. 14 (2009) 59–63. 

[2]  M. Gheorghiade, W.T. Abraham, N. M. Albert, W. G. Stough, B. H. Greenberg, C. M. O'Connor, L. She, 

C. W. Yancy, J. Young, G. C. Fonarow, Relationship between admission serum sodium concentration and 

clinical outcomes in patients hospitalized for heart failure: an analysis from the OPTIMIZE-HF registry, 

Eur. Heart J. 28 (2007) 980–988. 

[3]  A. Ganguli, R.C. Mascarenhas, N. Jamshed, E. Tefera, J. H. Veis, Hyponatremia: incidence, risk factors, 

and consequences in the elderly in a home-based primary care program, Clinical Nephrology,  84 (2015) 

75-85 

[4]  S. Boyer, C. Gayot, C. Bimou, T. Mergans, P. Kajeu, M. Castelli, T. Dantoine, A. Tchalla, Prevalence of 

mild hyponatremia and its association with falls in older adults admitted to an emergency geriatric 

medicine unit (the MUPA unit), BMC Geriatrics 19 (2019) 265 

[5]  H. Schlebusch, I. Paffenholz, R. Zerback, R. Leinberger R, Analytical performance of a portable critical 

care blood gas analyser, Clinica Chimica Acta 307 (2001) 107–112 

[6]  M. Weiss, A. Dullenkopf,  U. Moehrlen U, Evaluation of an improved blood-conserving POCT sampling 

system, Clinical Biochemistry 37 (2004) 977– 984 

[7]  J. Chen, M. Gorman, B. O'Reilly, Y. Chen , Analytical evaluation of the epoc® point-of-care blood analysis 

system in cardiopulmonary bypass patients, Clinical Biochemistry 49 (2016) 708–712 

[8]  S. Lee, J-Y. Min, B. Kim, S-W. Ha, J. H. Han, K-B. Min, Serum sodium in relation to various domains of 

cognitive function in the elderly US population, BMC Geriatrics 21 (2021) 328 

[9]  V. Mazzaracchio, A. Serani, L. Fiore , D. Moscone, F. Arduini. All-solid state ion-selective carbon black-

modified printed electrode for sodium detection in sweat. Electrochimica Acta. 394 (2021) 139050.  

[10]  P. Pirovano, M. Dorrian, A. Shinde, A. Donohoe, A. J. Brady, N. M. Moyna, G. Wallace, D. Diamond, M. 

McCaul,  A wearable sensor for the detection of sodium and potassium in human sweat during exercise, 

Talanta 219 (2020) 121145 

[11]  H-R Lim, Y Lee, K. A. Jones, Y-T Kwon, S. Kwon, M. Mahmood, S. M. Lee, W-H Yeo, All-in-one, wireless, 

fully flexible sodium sensor system with integrated Au/CNT/Au nanocomposites, Sensors & Actuators: 

B. Chemical 331 (2021) 129416 



Quin, Ulster University, Feb 2023 

8 

 

[12]  A. Ghoorchian, M. Kamalabadi, M. Moradi, T. Madrakian, A. Afkhami, H. Bagheri, et al. Wearable 

potentiometric sensor based on Na0.44MnO2 for non-invasive monitoring of sodium ions in sweat. 

Analytical Chemistry. 94 (2022) 2263–70.   

[13] M. Rostampour, D.J. Lawrence, Z. Hamid, J. Darensbourg, P. Calvo‐Marzal, K.Y. Chumbimuni‐Torres KY. 

Highly reproducible flexible ion‐selective electrodes for the detection of sodium and potassium in 

artificial sweat. Electroanalysis. 34 (2022) 1– 7  

[14] H.R. Lim, S.M. Lee, M. Mahmood, S. Kwon,Y-S Kim, Y. Lee Y, et al. Development of flexible ion-selective 

electrodes for saliva sodium detection. Sensors. 21 (2021) 1642.   

[15] J. Liao, X. Zhang, Z. Sun, H. Chen, J. Fu, H. Si, C. Ge, S. Lin Laser-Induced Graphene-Based Wearable 

Epidermal Ion-Selective Sensors for Non-invasive Multiplexed Sweat Analysis, Biosensors 12 (2022) 397 

[16] S-C Park, H.J. Jeong, M. Heo, J.H. Shin, J-H Ahn. Carbon nanotube-based ion-sensitive field-effect 

transistors with an on-chip reference electrode toward wearable sodium sensing. ACS Applied 

Electronic Materials. 3 (2021) 2580–8.   

[17] T. Huang, K.K. Yeung, J. Li, H. Sun, M.M. Alam, Z. Gao Z. Graphene-based ion-selective field-effect 

transistor for sodium sensing. Nanomaterials. 12 (2022) 2620.   

[18]** H. Li, G. Wu, Z. Weng, H. Sun, R. Nistala, Y. Zhang, Microneedle-Based Potentiometric Sensing System 

for Continuous Monitoring of Multiple Electrolytes in Skin Interstitial Fluids, ACS Sens. 6 (2021) 

2181−2190 

 Remarkable design incorporating both two sensing electrodes and reference within a microneedle for 

sampling interstitial fluid  

[19]** Y. Zheng, R. Omar, R. Zhang, N. Tang, M. Khatib, Q. Xu, Y. Milyutin, W. Saliba, Y. Y. Broza, W. Wu, M. 

Yuan, H. Haick, A wearable microneedle‐based extended gate transistor for real‐time detection of 

sodium in interstitial fluids. Advanced Materials. 34 (2022) 2108607.   

 One of the most complete studies of the applicability of microneedle sensing studies encountered. 

Potentially generic strategy highlights a pathway for on-body sensing. 

[20] * A. L. Suherman, M. Lin, B. Rasche, R. G. Compton, Introducing “Insertive Stripping Voltammetry”: 

Electrochemical Determination of Sodium Ions Using an Iron(III) Phosphate-Modified Electrode,  ACS 

Sens. 5 (2020) 519−526 

 Innovative approach to the voltammetric detection of sodium and stands in contrast to the more 

conventional potentiometric systems 

[21]  A.D. Seal, S. A. Kavouras, A review of risk factors and prevention strategies for exercise associated 

hyponatremia, Autonomic Neuroscience: Basic and Clinical 238 (2022) 102930 



Quin, Ulster University, Feb 2023 

9 

 

[22]  B. Lara, C. Gallo-Salazar, C. Puente, F. Areces, J. J. Salinero, J. Del Coso, Interindividual variability in 

sweat electrolyte concentration in marathoners, Journal of the International Society of Sports Nutrition 

13 (2016) 31 

[23]  J. Heikenfeld, A. Jajack , B. Feldman,, S. W. Granger, S. Gaitonde, G. Begtrup, B. A. Katchman, Accessing 

analytes in biofluids for peripheral biochemical monitoring, Nature Biotechnology, 37 (2019) 407–419 

 

[24]  D. Huang, J. Li1, T. Li, Z. Wang, Q. Wang, Z. Li, Recent advances on fabrication of microneedles on the 

flexible substrate, J. Micromech. Microeng. 31 (2021) 073001 

[25]  M. Chiaranairungroj, A. Pimpin, and W. Srituravanich, Fabrication of high-density microneedle masters 

towards the commercialisation of dissolving microneedles, Micro & Nano Letters  13 (2018) 284–288 

[26]  S. Sharma, A. Saeed, C. Johnson, N. Gadegaard, and A.E.G. Cass, Sensing and Bio-Sensing Research Rapid 

, low cost prototyping of transdermal devices for personal healthcare monitoring, Sens Biosensing Res, 

13 (2017) 104–108 

[27]  K. Cha, T. Kim, S. Park, and D. Kim, Simple and cost-effective fabrication of solid biodegradable polymer 

microneedle arrays with adjustable aspect ratio for transdermal drug delivery using acupuncture 

microneedles, J. Micromech. Microeng, 24(2014) 115015, 

[28]  A. McConville and J. Davis, Transdermal microneedle sensor arrays based on palladium: Polymer 

composites, Electrochem Commun,  72 (2016), doi: 10.1016/j.elecom.2016.09.024. 

[29]  C. Hegarty, A. S. McKillop, R. J. McGlynn, R.B. Smith , A. Mathur and J. Davis, Microneedle array sensors 

based on carbon nanoparticle composites: interfacial chemistry and electroanalytical properties, J 

Mater Sci,  54 (2019) 10705–10714 

[30]  S-H. Joo, J. Kim, J. Hong, S. F. Lahiji, Y-H. Kim Dissolvable Self-Locking Microneedle Patches Integrated 

with Immunomodulators for Cancer Immunotherapy, Adv. Mater. (2023), 2209966 

[31] ** A. Keirouz, Y.L. Mustafa, J. G. Turner, E. Lay, U. Jungwirth, F. Marken,  H. S. Leese, Conductive Polymer-

Coated 3D Printed Microneedles: Biocompatible Platforms for Minimally Invasive Biosensing Interfaces, 

Small  (2023), 2206301 

 Highlights the future direction of microneedle sensor development through advances in 3D printing 

 


