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Abstract: Despite decades of interest in the development of electrochemical point-of-care 

sensors, commercial applications are still hindered by unfulfilled needs. This review 

analyzes work in the field of miniaturized potentiometric devices, with a particular 

emphasis on reports from the past ten years. Research in this field has focused in 

particular on the types of underlying substrates to support these sensors, the degree to 

which sensing components are integrated into the substrate, the use of solid-contact 

materials to improve performance, and testing in real-life applications. This article 

highlights challenges in the design and performance of potentiometric point-of-care 

sensors that are preventing their wider use. Following an overview of differences in the 

layout of strip-type, sandwich-type, fully integrated, and fiber- and yarn-based sensors, 

the discussion focuses on the effects of materials and substrates on response slopes, 

potential reproducibility, and limits of detection. 
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1 Introduction 

Due to its excellent speed, sensitivity, and specificity, ion-selective potentiometry 

has been for several decades the method of choice for the measurement of ions and 

charged biomolecules in clinics [1]. Given the high interest in miniaturized point-of-care 

electrochemical sensors, it is not surprising that many efforts have been made to adapt 

the design of ion-selective electrodes (ISEs) for point-of-care usage [2–8]. In contrast to 

traditional ISEs, these sensors are characterized by a low dimensionality and the 

requirement of an underlying support substrate to support the electrochemical cell. The 

earliest examples include commercially available clinical blood analyzers designed for 

use outside of centralized laboratories, such as the Kodak Ektachem benchtop analyzer 

of the early 1980s[9] and the i-Stat portable clinical blood analyzer introduced into 

hospitals in the early 1990s [10]. They brought clinical chemistry testing to patient 

bedsides by replacing the conventional rod- or tube-shaped electrodes with slides or 

cartridges.  

Notably, the commercial impact of these sensors is still limited. The ASSURED 

criteria (Affordable, Sensitive, Specific, User-Friendly, Rapid, Robust, Equipment-Free, 

and Deliverable to end user) for point-of-care diagnostics, as put forth by the World Health 

Organization (WHO), present a framework to assess the cause for the limited commercial 

availability. Only devices that meet most of these criteria can truly function as point-of-

care devices and, thereby, have the potential to make it to market [11,12]. Affordability of 

a device in production is often difficult to assess from academic settings but worth 

consideration nonetheless [13]. Performance-related criteria, such as sensitivity, 

specificity, and speed of analysis, depend upon the particular sensing mechanism chosen 
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as well as performance limitations that arise in miniaturization. Meeting the “user-friendly” 

criterion requires that use of a device is limited to a maximum number of steps that an 

untrained user can readily perform. Ideally, this includes a calibration-free design, a 

difficult feat that has attracted much recent attention [14,15]. In addition to testing device 

performance in the laboratory, field testing is needed to allow for optimization in realistic 

settings of use by non-trained personnel, as a recent report of a case study for a 

colorimetric test development highlights [16]. The design of an ISE that complies with the 

ASSURED criteria is difficult, as there are often tradeoffs in device design and analytical 

performance. 

There is no single term that can be readily used to describe miniaturized sensors 

designed for point-of-care usage. While the term point-of-care is quite well-known and, at 

times, even misused, searches of the literature that are based on a straightforward 

combination of keywords (such as, e.g., point-of-care, potentiometric, miniaturized, 

microfluidic, portable, two-dimensional, and wearable) not only fail to provide a list of all 

relevant work but also yield a large number references that are out of scope. This makes 

it difficult in particular for newcomers and those working outside of this discipline to 

understand the full extent of activities in this field. This is in fact one of the motivations for 

the present article.   

Recent reviews have surveyed the development of wearable potentiometric 

sensors for clinical use [6] or the use of electrochemical sensors in general [18]. Others 

have focused on the field of paper-based sensors, highlighting fabrication methods for 

paper-based electrochemical sensors [17], devices using paper as a supporting substrate 

for potentiometric devices [7], or the use of textiles in electrochemical devices [8]. In 
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emphasizing a single substrate, these previous reviews do not provide the detailed 

comparison of the effects of different substrate materials on device performance as 

attempted in this review .  

This review discusses research on the design, fabrication, and performance of 

ISEs for point-of-care usage. We begin with an overview of common sensor designs, 

categorized by the degree of miniaturization of the sample holder, reference electrode 

(RE), and ion-sensing electrode, as summarized in Figure 1. Miniaturized potentiostats, 

displays integrated into ISE devices, and chemically sensitive field-effect transistors are 

out of scope and will not be considered. We then introduce common materials that have 

been used as the underlying support substrate upon which miniaturized ISEs are 

fabricated, with an emphasis on their physiochemical characteristics. We then examine 

how the sensor design and identity of the supporting substrate affect deviations of the 

sensor performance from ideal behavior. In particular, response slopes, reproducibilities, 

and the lower limits of detection of miniaturized ISEs are compared to those of analogous 

conventional rod- or tube-shaped ISEs. In critically analyzing the performance limitations 

correlated with design and material choices, this review serves as a guide for the further 

improvement of miniaturized potentiometric devices. 
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Figure 1. Categories of miniaturized potentiometric sensors, organized according to the 

level of integration of sampling and the sensing electrode(s).  

2 Strategies for the design of miniaturized potentiometric sensors for point-of-

care usage 

2.1 Substrate-based sampling 

In substrate-based sampling, a sample is wicked across a single-use hydrophilic 

substrate in contact with traditional rod-shaped ISEs and REs (see Fig. 2A). Such 
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substrates include various types of papers, textiles, and sponges (see Section 3 of this 

review). This design was originally introduced as a dot-blot assay with two vertically 

oriented conventional rod-shaped electrodes; one electrode upside down and the other 

right side up, with filter paper sandwiched in between them. A drop of sample was 

deposited onto the paper, resulting in wicking of the sample into contact with the 

electrodes [19]. A very similar approach involves two horizontally oriented electrodes, 

with the upper part of a piece of filter paper sandwiched between the electrodes and the 

lower part of the filter paper dipped into the sample below [20]. 

 

Figure 2. Design of ISEs for point-of-care analysis: (A) substrate-based sampling, (B) 

strip-type electrodes with the solid-contact restricted to the lower portion of the strip, (C) 

strip-type electrodes with the solid-contact entirely covering the entire substrate, (D) 
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sandwich-type devices, as well as (E) and (F) devices with both an ISE and RE. Adapted 

with permission from references [21–26], respectively. 

An alternative mode of substrate-based sampling includes two vertically oriented 

electrodes clamped into place, as shown in Fig. 2A [21,27–34]. Further, the conventional 

single-junction RE was replaced by a reusable Ag/AgCl rod and a disposable salt bridge 

[35]. For the latter, a separate piece of filter paper was coated with dry KCl and placed 

between the Ag/AgCl rod and the filter paper containing the sample. This isolates the 

electrode from contact with, and thereby fouling by, the sample. In addition to reducing 

the required sample volume to 200 µL, substrate-based sampling also filters off 

particulates from samples such as soil and sludge, which has been argued to harm 

electrodes in traditional sampling [21,30–32]. The use of conventional ISEs in all these 

cases necessitates a trained user to frequently re-calibrate the ISEs.  

2.2 Strip-type electrodes 

Strip-type electrodes use the underlying substrate to physically support the device 

but they do not hold the sample. Electrodes are built vertically on top of a substrate by 

application of a conductive lead, solid contact, polymeric membrane, and an insulating 

mask onto the substrate (Fig. 2B). The substrate is often filter paper, and the mask 

prevents samples from directly contacting the conductive lead. The sensor is connected 

to a potentiostat through the conductive leads and is submerged into the sample, typically 

along with a conventional RE [2,4,22,23,36–39]. While these sensors can be referred to 

as disposable, they are reusable and can be rinsed between samples.  
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The earliest strip-type ISEs used a coated-film design in which a film of the 

polymeric sensing membrane was deposited on top of Ag-coated filter paper [2]. 

However, when an ion-selective membrane (ISM) is directly placed onto a conducting 

metal, the interface between these two materials is typically blocked with respect to 

charge transfer. Consequently, the phase boundary potential at this interface is not well 

defined, resulting in poor potential stability and reproducibility unless surface oxidation 

can be prevented and a high surface area provides a large interfacial capacitance [14]. 

Therefore, subsequent devices of this type were designed with solid contacts such as 

conducting polymers [36] and, later, with high surface area contacts with a high 

capacitance [23,37,38,40]. 

Strip-type ISEs in which filter paper is fully coated with carbon nanotubes (CNTs) 

have been fabricated (see Fig. 2C) [23,37,38]. This inherently uses a rather large amount 

of solid-contact material but does not require the use of a stencil or detailed deposition of 

ink. In contrast, in most strip-type sensors the solid-contact material is restricted to the 

area directly underneath the ISM and does not extend all the way to the wires that connect 

the device to a potentiometer. Instead, a separate path of an electron conducting material 

is provided on the device to connect the solid-contact material to external wires (see Fig. 

2B). These conductive paths are commonly applied by screen-printing.[41] Alternatively, 

they can be drawn with a 3D pen [39], as first shown with ion-sensing pencils.[42] Such 

strip sensors have been used in many settings, including in-vitro monitoring of drug 

release from solid-dose pharmaceuticals, which offers a real-time alternative to off-line 

HPLC testing [22],  



9 

 

While strip-type sensors have typically been used for measurements in samples 

of large volumes, this does not need to be the case. Smaller sample volumes are 

conceivable so long as the liquid junction of the RE is covered with sample solution. 

Notwithstanding, the use of strip-type sensors in point-of-care settings is impeded by the 

need for a conventional RE, an insulating layer, and sample volumes large enough to dip 

the electrodes into. Therefore, strip-type sensors may best be seen as stepping stones 

towards fully integrated devices.  

2.3 Devices with integrated ion sensing and reference electrodes  

Moving towards more integrated devices, many groups have fabricated both 

reference and sensing electrodes onto the same unit. As in strip-type sensors, these 

devices use the underlying substrate solely as a physical support, and the sample is not 

contained in any part of the device. Such devices require manual application of the 

sample directly to the sensing elements or submersion of the device into a sample. As 

with strip-type sensors, they are reusable and can be rinsed between measurements of 

different samples. 

A crucial step in the preparation of such devices is the fabrication of planar REs. 

Common solid-contact REs include CNT-coated paper onto which a reference membrane 

comprising an ionic liquid has been applied [25,43,44], graphene/multiwalled CNT coated 

substrates in contact with a reference membrane containing AgCl and a hydrophilic 

electrolyte (such as KCl or NaCl) [45–47], as well as AgCl/Ag coated filter paper in contact 

with a poly(vinyl butyral) membrane doped with NaCl and AgNO3[48]. 

To include reference and sensing electrodes in a single unit, separately prepared 

strip-type ISEs and REs can be paired [25,43,48]. This has been accomplished by taping 
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a rubber spacer between strip electrodes to form a cavity for sample 

introduction,[43,48,49] as well as by taping strip electrodes together, side by side, to form 

a flat array (see Fig. 2F) [25,44]. In a notably efficient design, three separate strips of 

conductive material were sandwiched between plastic masks, and then ISMs and 

reference membranes were deposited onto pre-cut holes to form an array of sensing 

electrodes and REs (see Fig. 2E) [26]. Fabrication is simplified by the use of a single 

piece of supporting substrate as the base for both the sensing and reference electrodes.  

Screen-printing or spray-coating of conductive leads and/or solid contacts in 

combination with drop-casting of membranes by hand has been repeatedly reported for 

the quick fabrication of integrated sensors, as mentioned above for strip-type sensors too. 

For example, poly(ethylene terephthalate) (PET) substrates were coated with single-

walled carbon nanotubes (SWCNTs) as solid contact, followed by screen-printing to 

deposit both ion-selective and reference membranes [40]. Similarly, to form an ISE array, 

graphene was deposited onto a paper substrate using spray coating with a stencil.[46] 

Also, a Chinese brush pen was used to “write” graphene leads followed by polymeric 

membranes onto a PET substrate [47]. In an even more integrated system, a 3 wirelessly 

controlled robot with 3D-printed housing parts was used to deposit carbon black, both 

ion-selective and reference membranes, and even the conditioning solution on a PET 

substrate [50]. 

Screen-printed ISEs have been coupled with miniaturized integrated circuit boards 

and used for on-body detection of glucose, lactate, Na+, and K+ in sweat [51,52]. These 

devices were used as patches that are directly applied onto skin to detect these analytes 

in sweat, but there are questions as to how old sweat is replaced by fresh sweat.  
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While these sensors represent a step towards integration, they are limited for use 

with real samples by the lack of a wicking component. The electrodes must be dipped 

into samples, as typical for strip-type electrodes, or the samples must be deposited onto 

the sensing membrane.  

2.4 Sandwich-type sensors 

Sandwich-type designs, in which a free-standing sensing membrane is placed 

between two pieces of filter paper, combine both the reference and sensing elements into 

the device and have the inherent wicking capabilities of the underlying support substrate 

(see Fig. 2D). The free-standing membrane may be reused for multiple measurements, 

but the filter paper onto which the sample and reference solutions are deposited needs 

to be replaced for each measurement.  

The reference element in these sensors is based off a paper-based design 

introduced originally in the context of voltammetric sensing [53]. It consists of wax barriers 

in a dumbbell shape to define reference, sample, and central contact zones, with a strip 

of Ag/AgCl ink in the reference and sample zones. These sensors are produced by ink-

jet printing of wax barriers, followed by heat exposure to ensure penetration of the wax 

into the substrate, as is common for the fabrication of hydrophobic barriers on filter 

paper.[54,55] Upon placement of a solution with a known KCl concentration on one side 

of the dumbbell shaped region of the filter paper, the device can be used as a Cl– ISE 

[53].  

The first combination of devices of the above type with an ISM was achieved by 

clipping a free-standing ISM between a filter paper reference half cell and a filter paper 

half cell onto which the sample was deposited [24]. This design was used both with 
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ionophore-free ion-exchange membranes[24,56] and ionophore-doped ISMs [24]. 

Fabrication of sandwich-type designs was subsequently simplified by 3D printing of an 

ISM onto a selected area of a single piece of filter paper, followed by folding of the paper 

onto itself, avoiding the use of three distinct parts as used in the original design [57]. 

2.5 Planar devices that comprise both electrode half cells and wicking components  

Combining all sensing components and the ability to wick the sample into a single 

(unfolded) piece of supporting substrate is a promising approach to simplify the fabrication 

and handling by the end user. This can be achieved by use of a hydrophilic support 

material with inherent wicking capabilities and by integration of the membranes into the 

material itself. 

By depositing both the sensing and reference membranes onto the filter paper and 

using Ag/AgCl ink in contact with a KCl solution as a reference half cell, the number of 

parts of entire Cl– and K+ sensing devices was reduced from three [24] to one (see Fig. 

3A) [58]. This design was subsequently also utilized in combination with textile substrates 

[59]. Use of these devices requires deposition of one droplet of reference solution to each 

of the two reference zones, and one droplet of sample to the sample zone. While these 

devices use a single piece of material to contain both electrodes as well as the sample 

and reference solution, they still require the application of an inner filling solution, adding 

steps that the end user must perform.  
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Figure 3. Examples of (A) miniaturized potentiometric sensing devices with both the 

sensing and REs as well as sample-wicking components integrated into the support 

substrate, and (B) devices containing integrated reference and sensing electrodes with a 

separate sample-wicking component. (C) Scanning electron microscopy image of a 

fabric, with a single yarn highlighted in red and individual fibers in yellow. (D) Thread-

based ISE and (E) thread-based ISEs woven into a piece of fabric. Adapted with 

permission from references [58–62], respectively. 

This design can be further optimized through replacement of the inner filling 

solutions with a solid contact, as this has also been shown for many screen-printed ISEs. 

A proof-of-concept for a fully integrated solid-contact RE was made by the application of 

a colloid-imprinted mesoporous carbon doped with a hydrophobic redox couple placed 
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between Ag/AgCl ink as the inner reference element and an ionic-liquid-based reference 

membrane for direct contact with the sample [63]. Colloid-imprinted mesoporous carbon 

was also used to interface a hydrophilic high-capacity anion-exchange membrane for Cl– 

detection with its own inner Ag/AgCl ink RE [64]. While in this case all components were 

applied by hand with a micropipette, inkjet printing was used for fully integrated devices 

comprising a Ag/AgCl/KCl/reference membrane RE and an ISE prepared with graphene, 

poly(3,4-ethylenedioxythiophene) (PEDOT) doped with polystyrene sulfonate (PSS), and 

an ionophore-doped ISM [65]. The end user of such a fully integrated solid-contact device 

only needs to apply the sample (10 or 20 µL, respectively); upon connection to a 

voltmeter, a stable signal is reached within 30 s.  

While most sensors of this type were designed in view of samples available in 

droplet form, this type of integrated design is also amenable to wearable devices. For 

example, for on-body readout with a wearable potentiometer, a microfluidic sensor was 

fabricated on a cotton T-shirt by infusing the shirt with poly(acrylonitrile-co-butadiene-co-

styrene) to form hydrophobic barriers, followed by screen-printing of ion-selective and 

reference membranes for Ca2+ detection [66]. In addition to introducing a novel, scalable 

approach to creating hydrophobic barriers on textiles, this report also demonstrated the 

need for microfluidics to refresh sweat in detection zones by comparing errors in devices 

with and without a microfluidic patch to refresh the sweat.  

In some devices without integrated sample-containing capabilities, additional 

elements can be attached to enable samples to flow to or across electrodes. In one fully 

reusable device, in order to move sample solution from the inlet well into contact with 

sensors, a piece of filter paper was incorporated into a thermoplastic unit with a built-in 
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ISE and RE.[67] For another example, a separate microfluidic cell was 3D-printed and 

coupled with a screen-printed electrode to ensure old sweat samples were replaced by 

new ones, enabling on-body sweat measurements [68]. On-body patches for measuring 

concentrations in sweat have also been fabricated with sponges [60] and filter paper [69] 

as sample recipients (see Fig. 3B). Sweat was also wicked into contact with ISEs and 

REs printed onto a single piece of PET coupled into a custom-built smart watch for 

immediate and local reading of results [70]. Evidently, designs of this type are more 

complex to fabricate.  

2.6 Fibers and Yarns 

Within the field of textile-based sensors, there is no uniform consensus on the use 

of the terms fiber, thread, and yarn. For clarity, we define here the terms as we use them 

throughout this review. A fiber is defined as the smallest base unit of a textile; a thread is 

a thin single strand of fibers, as used in sewing and embroidery; and yarn is a thick strand 

of fibers used in knitting and crocheting (see Fig. 3C for examples of yarn and fibers). 

Electrodes have been made from all three. 

Threads have been coated with conductive inks and ion-selective membranes by 

either dip-coating [71] or application with swabs or brushes [61], resulting in diameters of 

the coated threads of 1 mm or less (see Fig. 3D). Cross-sectional images confirm an 

external coating of threads but show that there is no penetration of the polymeric 

membrane into the inter-fiber space below the thread surface [61,71]. As the strip-type 

ISEs mentioned above, thread-based ISEs too have been used by immersion into 

samples, with small sample volumes as a major benefit. For example, several thread-

based ISEs with selectivities for different ions and diameters of 600 µm were coupled 
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together for multiplex sensing in sample volumes as low as 200 µL [61]. A thread-based 

RE was also developed, making fully miniaturized potentiometric thread-based devices 

possible [71,72]. 

Thread-based ISEs have also been incorporated into devices that contain a 

wicking component, expanding the applications of these sensors to uses without a 

separate sample holder. For example, for continuous sensing of wound pH, a cotton yarn 

based ISE coupled with a commercial mini-RE was attached with heat shrinking tape to 

a band-aid [73]. Thread-based ion-selective and REs were also glued into an on-body 

patch that contained a cotton strip to wick sample into contact with threads [74]. 

Threads have been reported to maintain high flexibility and mechanical strength 

when used for ISEs, which allows them to be sewn/woven into textiles (see Fig. 3E) 

[62,75,76]. For example, for sweat monitoring, thread-based ISEs and an RE were sewn 

into a bandage, held in place by a hydrophobic adhesive film, and covered with a strip of 

absorbent gauze to wick sweat across electrodes.[76] The absence of glues and 

adhesives in contact with ISEs is desirable, both to simplify the fabrication and to remove 

potential sources of contamination. For example, sensing and reference fibers were 

directly woven into a fabric [62]. Thereby, the sensing fabric maintained structural integrity 

despite bending, twisting and rinsing, while screen-printed electrochemical textiles often 

suffer delamination under similar conditions [62]. 

Fiber-based electrodes are much smaller than thread-based electrodes and often 

require a 2-step integration for incorporation into textiles. For example, Au nanowires with 

ISM or reference membrane coatings, with final diameters of 500 µm, were wound around 

a length of spandex, which was then integrated into a headband [75]. Also, potentiometric 
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sensors prepared with microfibers prepared from reduced graphene oxide were braided 

into a silk fiber and then sewn into a t-shirt [77] . 

3 Materials and substrates used 

3.1 Guiding principles  

To meet the demands for a point-of-care device, materials used as supporting 

substrates must meet several criteria. A minimum of mechanical strength is necessary if 

devices are to be transported to and used in field settings, but the material does not need 

to be as robust as for wearable devices. For large scale production, all fabrication steps 

must be compatible with mass-production methods, replacing the manual assembly 

typical in research. The supporting substrate must be inert towards both sample and 

sensing components and cannot negatively affect the analytical performance. Acceptable 

options include materials whose surface chemistry can be easily altered to meet these 

criteria. Ready availability and low cost are important [11,78]. To fabricate devices with 

the ability to contain samples and control fluidic flow, substrates must be compatible with 

methods that allow the formation of hydrophobic channels or other types of barriers, as 

they can be obtained, e.g., by wax-printing or laser cutting. For a fully integrated device 

that moves samples from a sample introduction zone into contact with sensing 

components, the substrate material must have wicking abilities, and the sample uptake, 

evaporation speed, and wicking rate must all be considered. 

A thorough characterization of such substrates is important to identify early on 

possible interactions with samples, contaminants, and additional information necessary 

to understand performance limitations, as discussed in Sections 4-6 below. When using 
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materials purchased from companies that provide online databases and material safety 

data sheets, authors of research publications often include little characterization 

information as they assume that readers can look up relevant information online. 

However, information available on-line may not reflect changes to commercial products 

over the years, and it may not be available to future readers. Moreover, information 

supplied by manufacturers is often limited for proprietary reasons. Therefore, we 

recommend that authors list in publications as much data from materials safety data 

sheets as well as other information from suppliers as available to them. Moreover, many 

publications refer to supporting substrates as purchased from “local stores,” providing 

readers little opportunity to obtain additional information. In such cases, it is particularly 

important for authors to report a full physiochemical characterization of all materials used. 

3.2 Polymeric supports 

One broad category of supports used for miniaturized potentiometric devices are 

non-porous synthetic polymeric materials that serve only as a physical backing and 

support. PET, an economical thermoplastic polymer of high tensile strength that can be 

spun into textiles or extruded as a hard plastic [79,80], is one of the most common 

synthetic polymers used. It has been used for the preparation of ISEs as sheets 

[4,40,47,69,70,81] and films [51,52] of various thicknesses (see Fig. 4A). Other 

nonporous polymeric substrates used as supports for ISE devices include a polyimide 

[82]polyurethane (in this case with full details on in-house preparation and 

characterization) [68], polydimethylsiloxane[60], 3D-drawn polylactide[39], and 

polypropylene paper [45]. 
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Figure 4. Scanning electron microscopy images of coated substrates: (A) NaCl 

doped poly(vinyl butyral) reference membrane deposited on top of a sheet of PET, (B) 

ashless filter paper coated with a PVC reference membrane, (C) CNT coated filter paper, 

and (D) cross-sectional view of a membrane coated yarn. Reproduced with permission 

from references [23,52,58,83], respectively. 



20 

 

3.3 Paper 

Filter paper, composed of randomly oriented alpha cellulose fibers, is another very 

common material used in point-of-care devices due to its high mechanical stability, 

wicking abilities, bio-degradability, and, when purchased in bulk quantities, low cost 

[2,7,9,84–86]. The use of wax printing to quickly print hydrophobic barriers to control fluid 

flow, as shown first in 2009 [54,55], has greatly increased paper’s popularity.  

As filter papers have been traditionally used for many separation and purification 

processes, they are available in many pore sizes and ash contents. Devices have been 

made with qualitative filter paper of 11 µm pore size (Whatman 1, ash 0.01%)[24,56] as 

well as ashless quantitative filter papers with pore sizes of 12-25 µm (Whatman 589/1, 

Black-Ribbon) [20,21], 4-12 µm (Whatman 589/2, White Ribbon) [20,58,63,64], and 2 µm 

(Whatman 589/3, Blue Ribbon)[21] (see Fig. 4B). Nitrocellulose paper with a pore size of 

0.2 µm was also used [19]. While filter paper is the most common type of paper used in 

potentiometric devices, other cellulose-based materials such as tissues and delicate task 

wipes have also been used for substrate-based sampling [21]. 

Filter paper has also been modified in a variety of ways to minimize interactions 

with analytes, enhance ease-of-use, or create highly conductive surfaces. Because the 

negatively charged cellulose may interact with samples (see Sections 4-6), the surface of 

cellulose filters has been modified through exposure to acid solutions [31], inorganic salts 

[28], and ISM components (i.e., PVC, the plasticizer 2-nitrophenyl octyl ether, the ionic 

site potassium tetrakis(4-chlorophenyl) borate, and the Pb2+ ionophore tert-

butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide)) [29]. Modifications to improve the 

sensors’ ease-of-use, such as protamine-doping to enable ionic-strength independent 
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measurements [34] and Au-modified filter paper to reduce biofouling of conventional 

sensors by blood [27], have also been reported. Paper has been saturated with KCl to 

serve as a pseudo-RE [35,65] and fully coated with inks based on CNTs (see Fig. 4C)  

[23,37,38,43,44], carbon, and AgCl/Ag[26] to serve as conductive leads. Finally, paper 

has also been fully functionalized with a silylation reagent with terminal perfluoroalkyl 

groups and coated with carbon nanotubes or graphene to create a highly hydrophobic, 

conductive substrate upon which electrodes were printed [46,49]. 

While such modifications enhance overall device performance, some of these 

fabrication steps eliminate the unique hydrophilic character of paper, add significant cost 

and fabrication complexity, and compromise the biodegradability provided by paper. In 

some cases, one may wonder whether the unique attractiveness that comes along with 

a “paper-based” device still applies, and whether the use of paper is indeed justifiable.  

3.4 Textiles 

While textile-based sensors are commonly known for use in wearable devices, 

many of the characteristics that make them well-suited for wearable devices also make 

them attractive for miniaturized sensors for point-of-care usage [8,87]. These include high 

flexibility, robustness, and ease of control of physical dimensions.  

A variety of non-conductive textiles have been used as supports for miniaturized 

sensors, with cotton and polyester the most common ones. As a naturally derived 

material, cotton is generally seen as more sustainable and more easily disposable than 

synthetic materials. Cotton has been used in the form of thread (see Fig. 4D) [61,71,83], 

a 0.3 mm thick shirt [66], textile samples purchased from local clothing stores (without 

further description) [32,88], and as a blend with 5% elastane [32]. As similarly mentioned 
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earlier in this review, a lack of additional details on the composition or physical properties 

of these materials limits a thorough analysis of the effect of substrate properties on device 

performance. 

Polyester is the most commonly used synthetic material for textile-based sensors 

and has been used in the form of threads [76], a cleanroom wipe [59], apparel purchased 

from local clothing stores (without further description) [32,88], as well as polyester textiles 

blended with 5% elastane [32] or coated with polyurethane [88]. While PET is the most 

common form of polyester used in fiber production [89], it cannot be assumed that all 

commercially available polyesters are only made from the same monomers as PET. If the 

identity and purity of a particular polyester, polyamide, or polyurethane is in question, a 

simple alkaline hydrolysis of the material may be performed to isolate the monomeric 

units for analysis [59]. Analysis by infrared spectroscopy provides an alternative 

nondestructive alternative, but it is less likely to help in the identification of minor 

components. Polyimide, as well as polyimide-elastane blends have also been used in 

substrate-based sampling [32]. 

Threads composed of conductive fibers offer not only mechanical robustness but 

also eliminate the need to apply a conductive coating, which has resulted in their 

increased popularity. Lab-made conductive fibers synthesized and incorporated into 

potentiometric sensors include lab-spun CNT fibers,[62] Au nanowires, styrene-

ethylene/butylene-styrene fibers [75,90], and reduced graphene oxide fibers [77]. While 

in-house fabrication offers a better control of the fiber properties, ready availability is 

another key property that should be considered when evaluating possible supporting 

substrates. In an effort to address this concern, commercially available conductive carbon 
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fiber threads (1 mm Æ with 6 µm Æ fibers [74] and 0.27 mm Æ with 0.08 mm Æ fibers [71]) 

and stainless-steel fibers [76] have also been used. While commercially available 

conductive threads simplify the fabrication of sensors, they still cost significantly more 

than non-conductive materials. 

Each material offers distinct advantages and disadvantages that must be 

evaluated in the context of the specific use and device design. An important factor that 

must be considered in every case is the potential interaction of the material with sample 

or sensing components—interactions that can alter the device performance and are 

examined in the following sections in view of their effect on the response slope, potential 

reproducibility, and lower limits of detection of potentiometric sensors.  

4 Effects of materials and sensor design on response slopes  

4.1 Response slopes in potentiometry  

The measured potential as measured with an ISE, often referred to as the 

electromotive force (EMF), is a function of the activity of the target ion in the sample. It is 

described by the Nernst equation, 𝐸𝑀𝐹 = 𝐸% + 2.303𝑅𝑇 (𝑧/𝐹)⁄ log𝑎/, where R,	T,	𝑧/, F , 

and 𝑎/ represent the universal gas constant, temperature, ion valency, Faraday’s 

constant, and activity of the target ion	𝑖 with charge 𝑧/, respectively [91]. At 20 °C, this 

results for the plot of EMF versus log 𝑎/	in a linear response with a slope of 58.2 mV z–1 / 

decade, which is referred to as a Nernstian response.  

Arguably, the response slope of an ISE should be referred to as non-Nernstian 

when the value of the Nernstian slope falls outside of the confidence interval determined 

from a fit of the experimental data. However, the literature often only reports slope values, 
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even though standard deviations or confidence intervals would be readily available from 

such fits. Therefore, we refer in this review to distinctly sub- or super-Nernstian response 

slopes when a reported response slope deviates by 6	mV	𝑧?@	/ decade or more from the 

theoretical response slope. In the absence of a widely expected criterion for when a 

response slope deviates significantly from theory, we chose this admittedly arbitrary value 

because it corresponds to a >10% deviation from the theoretically predicted Nernstian 

slope. When standard deviations are reported, response slopes within standard deviation 

of this range are also considered Nernstian. While a sensor with a linear but non-

Nernstian response slope can still be used to make accurate determinations of target ion 

activities, it is important to understand the source of non-theoretical responses to assess 

the robustness of a device. Too often, a non-theoretical response slope also comes along 

with limited reproducibility.  

4.2 Common sources of non-theoretical slopes  

In reviewing response slopes for miniaturized devices as reported in the literature, 

we noticed three common origins of non-ideal performance: improper calculation of 

response slopes, response slopes computed using data outside of the Nernstian range, 

and interactions between target ions and underlying support substrates.  

When two electrolyte solutions contact each other, as at the interface of a sample 

and a bridge electrolyte that separates the sample from a RE, a liquid junction potential 

arises. If this liquid junction potential varies over the range of the calibration curve, the 

response slope deviates from the expected theoretical (Nernstian) value. In many cases, 

this can be avoided by correcting for the liquid junction potential using the Henderson 

equation [91]. Similarly, if activity coefficients vary with the sample composition, plots of 
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the EMF versus the logarithm of the sample concentration will give nonlinear response 

slopes. This can be avoided by converting the concentration of the target ions to activities, 

which can be achieved, e.g., by using a two-parameter Debye–Hückel approximation [92]. 

Many readers will find this obvious, but we note that there are quite a number of reports 

in the literature that do not account for either liquid junction potentials or activity 

coefficients [28,29,31,35,45,49,52,60,61,65,82]. 

While most of slope deviations of this type are smaller than the 6	mV	𝑧?@/ decade 

tolerance defined above, they are still an important factor to consider when evaluating the 

literature. For example, when using a RE with a 3 M KCl solution contacting samples 

comprising 1–100 mM KCl, the slope of the Cl– response will decrease by 0.4, 3.6, or 3.9 

mV/decade when failing to account for liquid junction potentials, activity coefficients, or 

both liquid junction potentials and activity coefficients, respectively. For the same RE in a 

sample of 1–100 mM CaCl2, the respective Ca2+ slopes will increase by 1.0, 2.1, and 3.0 

mV/decade.  

The second pattern observed in reports of non-ideal slopes for miniaturized 

potentiometric devices is that of poorly chosen activity ranges for linear fits. If a linear fit 

is chosen past either the upper or lower LOD, it will be skewed by data points that are not 

in the linear sensing region of the ISE, resulting in an artificially high or low slope. Visual 

inspection of a calibration curve will often reveal such errors [51,52,76]. 

The third major source of non-ideal slopes as reported for miniaturized ISEs can 

be explained by interactions between target analytes and the underlying support 

substrate of the sensor device. The most common example for this is binding of divalent 

cations to filter paper or wood fibers, an error that correlates with the strength of 



26 

 

interaction between these ions and the underlying support [21,35]. A super-Nernstian 

jump in the lower concentration range has also been observed [28], similar to that seen 

in either unconditioned membranes or samples with ion fluxes towards the inner filling 

solution [93]. In attempts to mitigate the effect  of substrate interactions with target 

analytes, thoughtful work has compared the performance of sensors built from different 

supporting materials, resulting in suggestions on material choices to improve response 

slopes, response times, and lower detection limits [30,32].  

 

4.3 Slopes in substrate-based sampling  

Super-Nernstian responses have been reported for devices with substrate-based 

sampling in either the full or lower concentration ranges. For a solid-contact RE and a 

solid-contact K+ ISE used with filter paper-based sampling, the pore size of the filter paper 

was shown to correlate inversely with the slope. A slope of 63.1 ± 5.8 mV/decade was 

found for paper with 2 µm pores in contrast to 54.7 ± 2.1 mV/decade for paper with 12-25 

µm pores. Additionally, when varying the shape of the sampling substrate, the response 

slope as obtained with filter paper with larger pores was less sensitive to changes as 

compared to paper with smaller pores. While one might think this observation to be 

caused by evaporation differences due to pore size, the authors found drift to vary 

minimally between paper substrates, disproving that hypothesis. An alternative 

explanation to account for the effect of pore size on the potentiometric response could 

not be provided [20]. 

Using paper-based sampling, several ions exhibited slopes larger than observed 

with analogous beaker-based setups [21,35]. When using crystalline solid-state ISEs, 
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responses increased by 3 mV/decade for Cl– and by 6 mV/decade for Cd2+, resulting in a 

super-Nernstian response, and Pb2+ exhibited a super-Nernstian response from 10-3-10-4 

M (see Fig. 5A). This super-Nernstian response was attributed to the binding of metal 

ions to the negatively charged hydroxyl groups of cellulose. At low concentrations, this 

effect was hypothesized to deplete the sample|ISM interface of target ions, explaining 

also that the shift to a super-Nernstian response at lower concentrations was so 

pronounced as to give a super-Nernstian jump [28]. 

Textile-based sampling has been shown to shift responses slopes towards both 

sub- and super-Nernstian responses. For Cl– sensing with a crystalline solid-state sensor, 

there was no change in response slope from beaker to textile-based sensing. However, 

when using a conducting polymer containing solid-contact Cl– ISE, response slopes were 

sub-Nernstian for all synthetic textiles but still Nernstian for cotton textiles [32]. In this 

case, the material-dependent shift in response slopes was attributed to the high redox 

sensitivity of the conducting polymers in the solid-contact electrode [32]. However, these 

same textiles exhibited Nernstian responses when used with solid-contact ISEs for Na+ 

and K+, indicating that the redox sensitivity of the PEDOT contact depends upon the target 

ion. When measuring Cd2+ and Pb2+ with crystalline solid-state ISEs, a shift from 

Nernstian to super-Nernstian slopes at lower concentrations was observed for all textiles, 

which was explained in terms of strengths of binding of the divalent cations to the cellulose 

or polyester blends used.  
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Figure 5. Potentiometric responses of Cd2+ and Pb2+ ISEs and filter paper-based 

sampling with pristine (Protocol 1) and inorganic salt-soaked filter paper (Protocol 2), (B) 

Potentiometric response of paper-based K+ ISEs with and without 

tetradodecylammonium tetrakis(4-chlorophenyl)borate (ETH 500) in the ISM. 

Reproduced with permission from references, [28,58] respectively. 

With solid-contact ISEs and a RE of a disposable 3 M KCl loaded paper in contact 

with a reusable Ag/AgCl element, Cl– responses remained unchanged while K+ responses 

increased by 3 mV/decade and Na+ by 4 mV/decade [35]. 

The understanding of substrate–analyte interactions has led to successful 

elimination of non-ideal slopes. For example, in sponge-based sampling, adsorption of 

Cd2+ and Pb2+ by commercially produced polyurethane and cellulose sponges as well as 

natural sea sponges was quantified and used as a screening criterion to choose the ideal 

sponge for sampling. In this system, sponges were cut into 3 × 2 ×	0.5 cm3 pieces and 

had macro-sized pores much larger than paper and textiles. Polyurethane sponges were 
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found to be ideal for Cd2+ and Pb2+ sensing due to their low sorption of those ions and 

were, therefore, used as the sampling material in subsequent potentiometric experiments. 

Nernstian responses were achieved for Cd2+ and Pb2+ as well as for K+, Na+, and Cl– [30]. 

The physical structure of the material was not studied, and it would have been interesting 

to see potentiometric data for a cellulose-based sponge to confirm that response 

deviations were due to the chemical nature of materials rather than the pore structure.  

Super-Nernstian responses in filter-paper based sampling were overcome by 

soaking paper in an inorganic salt of the target ion (see Fig. 4A) [28], pre-treating paper 

with various ISM components [29], or acidification with HCl.[31] Interestingly, when 

examining the effect of ISM-modified filter paper, the authors also found a super-

Nernstian response when the ISM-modified filter paper was kept in contact with 

electrodes but placed into a beaker of sample solution, showing that in this case the 

sample volume does not affect performance [29]. 

Interferences depend upon chemical characteristics of the substrate as well as the 

identity of the target ion and can sometimes be overcome through modifications of the 

substrate.  

4.4 Slopes in strip-type sensors  

Nernstian responses were found for Na+ and K+ using substrate-based sampling 

with strip-type sensors comprising PET [25] (59.3 ± 0.3 and 59.1 ± 0.1 mV/decade for Na+ 

and K+, respectively) or paper coated with SWCNT/poly(3-octylthiophene) (58.4 ± 0.1 and 

60.0 ± 0.4 mV/decade for Na+ and K+, respectively) [38]. In contrast to substrate-based 

sampling, here the underlying substrate was fully coated with SWCNTs, and there was 

no substrate/sample or substrate/ISM interface. However, slight sub-Nernstian responses 
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were found for Cd2+ (27.4 ± 0.4 mV/decade), Ag+ (54.2 ± 0.6 mV/decade), and K+ (56.7 ± 

0.8 mV/decade) when filter paper was coated first with SWCNT, followed by Au and finally 

poly(3-octylthiophene) [37].  

 A super-Nernstian response (value not reported) was also found in the low 

concentration region (below 10-5 M) for strip-type sensors of CNT-coated filter paper 

coated with a K+ ISM. This was attributed to Na+ interfering ions introduced with the solid 

contact material, i.e., sodium carboxymethylcellulose contained in the CNT suspension 

used to prepare these sensors. It is interesting to note that the interference was observed 

in paper and not in conventional setups because of the different amounts of CNT 

suspension used [94]. Scaling considerations as this one are important to keep in mind; 

it was also shown that trace level contamination from conductive inks used for Cl– sensing 

affects the performance with volumes of 20 µL sized samples but not 100 mL samples 

[95]. 

When using a strip-type sensor with ISMs drop-cast onto a 3D-drawn support of 

polylactide and carbon black composite, sub-Nernstian responses were observed for 

Ca2+ and Cl–, but not K+ (for Ca2+, Cl–, and K+ 24.6 ± 1.2, -52.2 ± 0.3, and 55.5 ±0.6 

mV/decade, respectively) [39]. In contrast to devices mentioned earlier in this section, 

where the underlying support was coated with CNTs, here the solid contact consisted of 

a thermoprocessable carbon black/polylactide composite drawn onto the underlying 

polylactide. 

4.5 Slopes in sensors built on top of a substrate  

K+ ISEs integrated with a RE were built on a PET substrate with conductive strips 

of carbon ink, a layer of SWCNT functionalized with octadecylamine groups, and either a 
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K+ ISM or reference membrane. In these devices both membranes were made of a photo-

cured poly(n-butylacrylate), and the K+ ISM contained, in addition to standard ionophore 

and ionic site, 1 wt % ETH 500. Nernstian responses were observed both upon immersion 

in a beaker versus a conventional RE and with the integrated RE [40]. 

When using a screen-printed ISE with a plasticized, ionophore-doped ISM on 

graphene/PEDOT:PSS coated filter paper to measure in 20 µL sample droplets, 

Nernstian response slopes of 62.5 and 62.9 mV/decade were observed for Na+ and K+, 

respectively. Interestingly, the authors also noted that sub-Nernstian responses (43.6 and 

46.1 mV/decade for Na+ and K+ respectively) were observed when graphene was not 

doped into the PEDOT:PSS, which they attribute to PEDOT:PSS’s tendency to form a 

water layer [65]. 

An array of Na+ and K+ ISEs and a RE membrane drop-cast on Au screen-printed 

onto a polyimide substrate gave a sub-Nernstian response for Na+ (43.76 mV/decade) 

but a Nernstian response for K+ (57.38 mV/decade). Here, calibration conditions including 

the volume and composition of the sample solution are unclear as a pure salt solution 

and a phosphate buffer solution were used as samples for different experiments. Such 

information would help comparison with devices reported by other groups and the 

interpretation of the data, which was reported as concentrations instead of activities [82]. 

An array of ionophore-doped poly(vinyl) chloride (PVC) ISM/reduced graphene 

oxide/Au nanoparticle/carbon ink/Ag nanowire sensors for Ca2+, AgCl/Ag ink for Cl– 

detection and a RE, all on top of PDMS material, gave a Nernstian response for Ca2+ 

(28.53 mV/decade) but a sub-Nernstian response for Cl– (-51.5 mV/decade). There are 

several possible factors that could explain the low slope, including ones already listed in 
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this review, i.e., use of concentrations instead of activities as well as possible interference 

from the sponge of an unspecified material used for sample uptake [60]. Lack of 

experimental details and control experiments make it difficult to come to a reliable 

conclusion.  

Another sensor array included polystyrene nanospheres coated first with Au 

nanoparticles and then either Na+ or K+ ionophores and ionic sites, with the entire material 

referred to by the authors as “nanocomposite”. In addition, nanocomposites doped with 

Ag+ ionophore were used for a calibration channel, which accounts for a signal 

background as urine, the chosen sample matrix, had a low concentration of Ag+. When 

tested in simulated urine samples, the sensors gave sub-Nernstian responses to Na+ 

(50.3 ± 1.3 mV/decade) and K+ (53.5 ± 1.2 mV/decade).[45] As neither  control 

experiments with the polystyrene-Au nanocomposites and a Ag+ calibration channel, nor 

calibrations of the array in pure salt solution were reported, it is unclear whether the sub-

Nernstian response was due to the ISE design, miniaturization, or interference from the 

urine matrix. In another system, proposed for epidermal sweat sensing, ISMs with a bis(2-

ethylhexyl) sebacate (DOS) plasticized PVC matrix were drop cast on PET coated with 

screen-printed carbon [52]. Here a sub-Nernstian slope of 48.5 mV/decade was reported 

for Na+ sensing. A poorly chosen selection of the range for the linear fit and the use of a 

Na+ counter salt of the ionic site without equilibration of the ISM with K+ solution (i.e., 

conditioning) prior to measurements may explain the low response slope. When a 

membrane that does not contain the primary ion (in this case, K+) is exposed to a sample 

solution, the primary ion will transfer into the sensing membrane, exchanging with the 

counter ion of the ionic sites. Until this ion exchange is accomplished and the membrane 
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is saturated with water, potential drift is observed. Such initial potential drift can be 

minimized by using in the fabrication of the sensing membrane ionic sites paired with the 

primary ion [96]. Interestingly, the K+ ISE gave a slightly super-Nernstian response of 63.1 

mV/decade while the pH ISE had a response of 55.50 ± 6.31 mV/pH, which is within error 

Nernstian.  

4.6 Slopes in Sandwich-Type Sensors 

Sub-Nernstian responses have been observed in sandwich-type setups with filter 

paper with both ionophore-containing and ionophore-free sensing membranes. In 

ionophore-containing membranes, a sub-Nernstian slope of 22.9 ± 0.8 mV/decade was 

observed for Ca2+, while closer to Nernstian responses of 54.9 ± 0.6 and 54.8 ± 1 

mV/decade were observed for K+ and Na+, respectively [24]. In contrast, a membrane-

free Cl– sensing system with the same filter paper gave a Nernstian response (–61.8 ± 

1.0 mV/decade). Another sandwich-type setup was developed for ionophore-free sensing 

of bilirubin (ISM of PVC, DOS, tridodecylmethylammonium chloride), which at a neutral 

pH is a divalent anion, and again a sub-Nernstian response (-22 mV/decade) was 

observed [56]. 

All the membranes mentioned in this section thus far have been PVC-based. 

However, the same sandwich-type setup was used with a 3D-printed ion exchange 

membrane composed of a photocured polyacrylate monomer, DOS as plasticizer, and 

tetrakis(p-chlorophenyl)borate as ion exchanger, and gave a response slope of 58.4 

mV/decade [57].  



34 

 

4.7 Slopes for sensors with wicking capabilities and membranes incorporated into one 

a single unit 

Sub-Nernstian slopes have also been reported in setups with membranes 

integrated into the underlying substrate. Using a hydrophilic high-capacity anion 

exchange membrane for Cl– sensing and an ionic-liquid-based PVC reference membrane 

on a filter paper support, a Nernstian response was achieved with both an inner filling 

setup (-57.3 mV/decade) [58] and a redox-buffer doped colloid-imprinted mesoporous 

carbon solid-contact design (-60.6 mV/decade) [64]. When switching to an ionophore-

doped PVC membrane for K+ sensing, a sub-Nernstian response of 48.8 mV/decade was 

observed, but it was improved to 53.3 mV/decade by the addition into the ISM of 20 wt % 

ETH 500, an inert and very hydrophobic electrolyte salt (see Fig. 4B) [58]. While 

resistance may have played some role affecting this slope, it must be noted that ETH 500 

decreased the resistance by less than an order of magnitude, and the 10.9 ± 1.2 MΩ initial 

resistance was significantly lower than the 10 TW input impedance of the potentiometer. 

At this time, the reason for the beneficial effect of ETH 500 is not clear. 

A PET textile embedded with a PVC Cl– ion exchange membrane with the same 

setup as the previous paper-based devices also gave a slightly sub-Nernstian response 

(55.5 ± 1.7 mV/decade). A hydrophilic high-capacity anion-exchange membrane was also 

incorporated into the polyester textile, but results were studied for serum samples only 

and not for aqueous KCl solutions, as for all the other work discussed here, so a 

comparison is difficult [59]. 
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4.8 Slopes in textile-based sensors 

In a cotton thread-based ISE with a graphite ink as solid contact and a conventional 

double-junction RE, slight sub-Nernstian responses were observed for Ca2+ (26.3 ± 0.5 

mV/decade) and Cl– (–52 mV/decade as estimated from a figure), while a Nernstian 

response was observed for K+ (53.6 ± 0.7 mV/decade) and Na+ (59.1 ± 1.1 mV/decade). 

The authors explored different support materials for K+ sensing with the same graphite 

ink. Devices with a Nylon support exhibited slopes of 60.4 ± 4.0 mV/decade while those 

with a cotton support showed slopes of 55.2 ± 1.4 mV/decade but were not pursued due 

to poor standard electrochemical potential (E0) reproducibility (± 26.8 mV, compared to ± 

11.2 mV for the cotton thread-based devices). While the ISM was separated from the 

cotton thread by the graphite ink, it is clear that contact between the solid contact and 

support material may result in interactions between the graphite ink and thread [61]. 

Deviations in slope have also been reported for other textile-based setups with 

integrated REs. For CNT fibers coated with either an ISM or Ag/AgCl ink coated with a 

NaCl doped reference membrane, sub-Nernstian responses were observed for Na+, K+, 

and pH (45.8, 35.9, and 42 mV/decade, respectively, as estimated from a figure) while a 

large super-Nernstian response was observed for Ca2+ (52.3 mV/decade) [62]. The Na+ 

salt of the ionic site was used for the preparation of each of these membranes, and 

membranes were not conditioned prior to measurements, which could explain the sub-

Nernstian responses for K+ and Na+. It is also interesting to note that a single design here 

gives both super- and sub-Nernstian responses for different cations.  

Overall, substrate-based sampling often results in increases in response slope 

compared to conventional sensing, while setups with the ISE and/or RE built into the 
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underlying material often result in sub-Nernstian responses, ultimately suggesting 

interactions between substrates and samples as the cause of these problems. A more 

complete understanding of the nature of possible interactions is made difficult to reach 

when the data analysis does not account for liquid junction potentials and activity 

coefficients or when a comparison to beaker-based measurements for analogous 

electrodes has not been performed. 

5 Reproducibility 

5.1 Overview of reproducibility in potentiometry 

The term “calibration-free” has been used to refer to sensors with a low batch-to-

batch standard deviation in the value of E0 [14]. If E0 is sufficiently reproducible from 

sensor to sensor, a single calibration curve may be performed on one sensor and used 

for all subsequent sensors. However, there is no universally acceptable value for the 

maximum acceptable SD of E0 for such a purpose. Instead, the needs of each application 

dictate the tolerable errors. For example, for diagnostic tests, the U.S. Food and Drug 

Administration mandates a maximum acceptable error for Na+ of ± 4 mM within the range 

of 80-200 mM, which translates to a 0.7 mV acceptable standard deviation for an ISE 

[97], while manufacturers of clinical mainframe analyzers, which are recalibrated very 

frequently, strive for substantially narrower confidence intervals. 

Unfortunately, reproducibilities are often not reported for miniaturized sensors. A 

range of parameters, such as % RSD of several electrodes of the same batch [71,74,98], 

day-to-day reproducibility of the same sensor [99], SD of the EMF at a single 

concentration [43,56], averages of the SDs for various electrodes in the same solution 



37 

 

within the linear range [23,25], confidence intervals calculated from student’s t-tests [83], 

and vague statements on SD [39,57,66,77], have been reported, which makes direct 

comparisons often difficult. Relative errors of E0 are not a helpful parameter to report, as 

E0 values vary by orders of magnitude and, therefore, are not comparable across devices. 

Some literature reports include the % RSD as well as the average E0, in which case the 

reader can calculate the SD of E0; however, this appears unnecessarily complicated. 

Therefore, we discuss in the following only articles that reported the SD of E0 (or % RSD 

along with an average E0). 

5.2 Reproducibility of E0 in miniaturized ISEs 

The reproducibility of E0 of miniaturized ISEs as prepared in research laboratories 

is generally on the order of several mV and is often attributed to their handmade nature. 

An early report of a rectangle (presumably of standard toner ink) laser-printed on PET, 

coated first with a PEDOT:PSS solid contact and then a Ca2+ ISM, gave a SD of E0 of 0.7 

mV [36]. In thread-based sensing, a cotton thread painted with conductive ink and dip-

coated in ISMs gave E0 SDs of 2.3, 3.4, 2.6, and 0.5 mV “or better" for K+, Na+, Ca2+, and 

Cl–, respectively [61]. However, both types of sensors were used with non-miniaturized 

double-junction REs and beaker-based sampling. 

Steps towards integrated devices include a RE in an array of sensors built up on 

top of a substrate. For an array made of graphene paper strips dipped into a 

tetrahydrofuran solution of o-NPOE as plasticizer, PVC, ionophore, and ionic sites, and 

laid on a piece of plastic for solvent evaporation, with no underlying support for the solid 

contact, E0 SDs of 18, 21, and 16 mV were reported for K+, Ca2+, and pH, respectively. It 

is unclear whether this data was obtained with a miniaturized RE comprising a photocured 
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polyacrylate reference membrane doped with KCl, AgCl, and ETH 500, or whether a non-

miniaturized double-junction RE was used. The high SDs were hypothesized to be due 

to inhomogeneities in the thickness and composition of the graphene paper and poor 

adherence between paper and the ISM [100].  

Another array, with polystyrene nanospheres coated first with Au and then with 

ionophores and ionic sites for Na+ and K+ sensing, polystyrene nanospheres surface-

functionalized with Au for a Ag+ ISE-based calibration channel, and a NaCl doped 

poly(vinyl butyral) RE had an E0 SD of 5.6 and 6.0 mV (n=10) for Na+ and K+, respectively 

[45]. Unfortunately, in both of these arrays, the experimental details do not clearly state 

whether the arrays were used by dipping into beakers that contained the sample solutions 

or by dropping samples onto them, and whether data was from use of a custom RE or a 

non-miniaturized RE. Such details are important to assess the effects of miniaturization 

on the device performance.  

Integrated sensors that use a wicking material allow for the use of a sample size 

close to clinical relevance (20-30 µL). Textile-based devices with an embedded ISM and 

an ionic-liquid-based reference membrane showed similar SDs for PVC-based Cl– ion 

exchange membranes used to measure in aqueous and serum samples (4.2 and 3.5 mV, 

respectively) and for hydrophilic high-capacity anion-exchange membrane used to 

measure in serum (3.0 mV) [59]. Paper-based devices with the same type of reference 

membrane showed similar reproducibilities with a hydrophilic high-capacity chloride-

exchange membrane in aqueous samples and serum, as well as with K+ ionophore 

containing ISMs (SD of 2.0, 1.6, and 1.6 mV) [58]. For comparison, paper infiltrated with 

the hydrophilic high-capacity anion-exchange membrane was also tested in a 
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conventional setup and gave a SD of 2.2 mV, showing that the sensor miniaturization did 

not worsen the reproducibility. In another similar setup, fully-inkjet-printed sensors with a 

lipophilic salt containing reference membrane and ionophore containing ISMs gave a SD 

of 5.1 and 2.8 mV for Na+ and K+ sensing, respectively.  

Some articles compare the performance of miniature ISEs when used with 

conventional and miniaturized REs, which allows analysis of the effect of miniaturization 

of the RE on reproducibility. Lithium ion sensing yarns gave a SD of 8.7 mV when tested 

against a double junction RE but 13.0 mV when tested against a Ag/AgCl-coated carbon 

fiber dip-coated with a reference membrane [71]. An ion patch for Cl–, K+, Na+ and pH 

detection was tested with respect to both a double-junction RE and a patch RE. While the 

SD of E0 as measured with a non-miniaturized RE and a patch RE showed minimal 

differences for Cl– sensing (5.2 to 6.8 mV, respectively), it decreased significantly for Na+ 

sensing (from 12.7 to 0.3 mV), and increased for pH sensing (4.6 to 12.5 mV), suggesting 

analyte specific effects of RE integration [68]. 

5.3 Reproducibility of E0 in sensors specifically designed for high reproducibility  

Some of the recent work on miniaturized sensors has specifically focused on 

improving the E0 reproducibility. One strategy is based on the use of a molecular redox 

buffer that resists changes in the phase boundary potential at the interface between the 

ISM and the underlying electron conductor, much like a pH buffer resists changes in the 

pH of a solution. In the first example for incorporation of equimolar amounts of redox 

buffers into miniaturized sensors, the hydrophobic redox buffer cobalt(II/III)tris(4,4′-

dinonyl-2,2′- bipyridyl) was included into both the ISM and an ionic-liquid-based reference 

membrane, both overlying a colloid-imprinted mesoporous carbon solid contact [63]. In 
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this fully-integrated paper-based device, a SD of 2.1 mV was obtained, compared to a SD 

of 2.8 for an analogous conventional setup.  

In another attempt to use a hydrophobic redox buffer, the prior design was modified 

by incorporating into the sensing membrane the redox buffer comprising 7,7,8,8-

tetracyanoquinodimethane and the corresponding anion radical [64]. While use of this 

redox buffer in a conventional setup resulted in a fairly small SD of 4.3 mV without 

conditioning, after 24 h, the SD increased to 14.0 mV. Translation to a paper-based setup 

resulted in poor linearity, and the SD of E0 was not reported. There is clearly a need for 

more hydrophobic redox buffers that do not leach out of the ISM.  

In addition to hydrophobic redox buffers, a hydrophilic redox buffer, consisting of 

cobalt(II/III) bis(terpyridine), was also proposed for use in anion-sensing polymeric 

sensing membranes. The complex was added into the inner filling solution of 

conventional, rod-shaped chloride sensors, decreasing the SD from 2.7 to 0.3 mV as 

compared to conventional rod-shaped electrodes with an inner filling solution of 1 mM 

KCl. Textile-based devices with embedded membranes and a Au wire as electron 

conductor were fabricated with the same redox buffer in the inner filling solution and 

resulted in a SD of E0 of 3.8 mV, a significant improvement over previous devices with a 

similar design [101].  

It has also been proposed that redox-active species do not have to form a redox 

buffer to stabilize E0. Specifically, CNT-coated filter paper was coated with a CNT layer 

doped with both a cobalt(II)porphyrin and cobalt(III)corrole before drop casting of a K+ 

ISM. Indeed, a low SD of 1.7 mV was obtained on Day 1 and found to be even lower (0.6 

mV) on Day 2. It was suggested that the high reproducibility and stability over time 
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resulted from the ability of the porphyrinoids to limit ion-fluxes across the sensing 

membrane [94]. However, it has also been shown that in such a system even small 

impurities in redox active reagents result in redox pairs, which then control the interfacial 

potentials, thereby negating the argument that non-paired redox couples improve E0 

reproducibility [102].  

In other work, ferrocyanide and ferricyanide in a ratio of 6.9:1 were used as redox 

buffer species in the transduction layer of miniaturized ISEs to improve the E0 

reproducibility. Screen-printed electrodes with a potassium ferrocyanide doped carbon 

layer and a drop cast K+ ISM exhibited an E0 SD of 2.8 mV during 24 to 36 h of 

conditioning (see Figs. 6A and B). The authors suggested the use of equimolar amounts 

of ferrocyanide:ferricyanide in future work to further improve reproducibilities [103]. 
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Figure 6. E0 for screen-printed ISEs in various conditioning environments (A) with and 

(B) without ferrocyanide in the solid-contact layer. Potentiometric response of strip-type 

ISEs with (C) tetrahydrofuran and (D) cyclohexanone as the solvent in the ISM. 

Reproduced with permission from references [36,99], respectively. 

The reproducibility of strip-type ISEs with supporting substrates coated with 

SWCNTs, poly(3-octylthiophene), and PVC-based ISMs has been optimized by 

systematic variation of the fabrication procedure [38]. The SD of the EMF of 3 devices 

immersed into the same solution, rather than the SD of E0 was provided, but one may 

assume that these values are similar. The use of cyclohexanone rather than 
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tetrahydrofuran as the solvent for the ISM components was found to improve the SD of 

the EMF for K+ ISEs as measured in 10–5 to 10–2 M KCl samples from approximately 10 

mV to 5.0 mV, due to the solvent-dependent dissolution of poly(3-octylthiophene) upon 

drop casting of the ISM (see Figs. 6C and D). Additionally, single-step integration of a 

poly(3-octylthiophene)/SWCNT solution rather than a 2-step deposition further improved 

the E0 SD to 2.0 mV for K+ ISEs, attributed to increased hydrophobicity. These are 

significant improvements compared to earlier work with CNT-coated paper strip sensors 

with reported SDs of “as much as 30 mV” [23] and 10 mV [37]. Applying these two 

improvements to the fabrication of ISEs, arrays of PET-based sensor strips gave an E0 

SD of 1 mV or less for Na+ and K+ in both aqueous and artificial sweat samples, showing 

that the SD does not worsen in a complex matrix [23,25]. 

Short-circuiting multiple electrodes to a RE is another recent strategy shown to 

improve reproducibilities in the E0 of conventional solid-contact K+ ISEs [104]. This 

method was also used with carbon-fiber based Na+ ISEs, improving the E0 SD at the time 

of the first measurement from 37.6 to 1.45 mV (n=4) for sampling in aqueous solution 

against a conventional double-junction RE [74]. While a carbon-fiber based RE was also 

developed and used for testing in an integrated setup with artificial sweat, repeatability 

was reported only for the response slope. Visual inspection of the calibration plot 

suggests a worsened SD of E0 [74]. While there are some interesting and promising 

approaches to improve the reproducibility of E0, more standardized reporting will enable 

better comparison of performance across sensor designs.  
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6 Lower limits of detection (LOD) 

6.1 Lower LODs in ion-selective potentiometry 

By well-accepted convention, the lower LODs of ISEs are determined by 

extrapolation of the linear EMF response to the value observed when no target ion is 

added to the sample [105]. Therefore, when dynamic ranges are mentioned in this 

section, it is because no LOD was reported. As the failure to account for activity 

coefficients or liquid junction potentials impacts LOD calculations only marginally, these 

effects are not mentioned in this section.  

6.2 Common sources of worsened lower LODs 

In reviewing the relevant literature, we noticed two common sources of worsened 

LODs for miniaturized ISEs, that is, interactions between analytes in samples and 

underlying substrates as well as contamination from sensor materials. 

Interactions of target ions with components of the sensor device other than the 

ISM may result in alterations to the concentration of the target ion in the sample and, 

thereby, increases in the lower LOD. Adsorption of heavy metals onto the negatively 

charged cellulose chains of paper was shown to cause poor LODs in paper-based 

sampling systems [30]. A lack of response to heavy metal ions at low sample 

concentrations followed by a super-Nernstian response upon gradually increasing the 

sample concentration distorts the calibration curve, reducing the range of the Nernstian 

response (Figure 5A) [21,28,31]. These responses look very similar to those observed for 

non-miniaturized ISEs at very low concentrations when ion fluxes across the ISM occur 

[93], but they may result from a combination of the adsorption of heavy metal ions to the 

device substrate and transmembrane ion fluxes. 
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Contamination of samples by components of the sensing device has also been 

shown to explain worsened lower LODs in some paper-based devices. In small-volume 

potentiometric devices, even ppm level contaminants that leach off solid-contact 

materials, such as conductive inks or supporting substrates, can increase analyte 

concentrations and worsen the LOD [94,95]. Observing an improvement in textile-based 

devices compared to analogous paper-based ones, especially in membrane-free 

systems, a systematic study of the effect of materials on lower LOD was performed. It 

was found that both the filter paper and the Ag/AgCl ink used as transducer leached small 

amounts of Cl– ions, which, due to the small sample volumes, significantly biased the Cl– 

concentration in samples (Figure 7) [95]. 

 

Figure 7. (A) Schematic of substrate-based devices used and (B) table of potentiometric 

characteristics for Cl– of devices with different types of AgCl/Ag transducers and 

substrates (*data corresponds to Ag+ sensing). Adapted with permission from reference 

[95]. 
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6.3 Lower LODs of sensors with substrate-based sampling  

When coupling conventional solid-contact ISEs with substrate-based sampling, the 

lower LOD is generally worsened by an order of magnitude or larger as compared to 

conventional measurements in beakers. Early work using nitrocellulose paper for 

sampling with a Ag+ ISE as indicator and Ca2+ ISE as pseudo RE resulted in an LOD of 

10–5 M, as compared to 10–8 M for beaker-based sampling. The significant worsening of 

the lower LOD was posited to be due to either sluggish mass transport of Ag+ or 

adsorption of Ag+ onto cellulose [19]. However, using atomic emission spectroscopy, it 

has been shown more recently that adsorption of Ag+ to paper occurs only at high 

concentrations [95]. In light of this finding, one may wonder whether sluggish mass 

transport of Ag+ was responsible for the poor lower LOD in the work with nitrocellulose 

paper.   

Filter paper sampling with a solid-contact K+-ISE and solid-contact RE also 

resulted in worsening of the LOD for K+ sensing by 3 orders of magnitude, with the exact 

value depending on the shape of the paper sampling unit [20], and a slightly less than 

one order of magnitude worsening for Na+ sensing [27]. However, when using a single-

junction RE with paper sampling, the lower LOD of a solid-contact Cl–-ISE was the same 

(10–5.0 M) in both paper and beaker-based sampling [21]. Interestingly, when replacing 

the RE with a paper-based reference unit coupled to a reusable AgCl/Ag rod, the LOD for 

a solid-contact Cl– ISE increased to 10−4.1 ± 0.1 M, indicating that interactions of both 

sensing and reference electrodes with supporting substrates can affect the lower LOD 

[35]. This worsened LOD was consistent across all ions sampled; Na+ and K+ gave LODs 

of 10−4.1 ± 0.1 and 10−3.3 ± 0.1 M, respectively [35].  



47 

 

A number of approaches have been tested to alleviate this problem. The largest 

improvement of the lower LOD for Pb2+ sensing (to 10-5.4 M) was achieved by soaking a 

2 cm x 2 cm piece of filter paper in an ISM solution  (PVC, o-NPOE, potassium tetrakis(4-

chlorophenyl)borate, tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide), THF) 

for 30 min, and allowing the solvent to evaporate overnight. Elemental mapping of paper 

revealed ISM components concentrated along the cellulose fibers rather than filling pores 

between fibers and penetration through the paper, as can be seen in cross-sectional 

images (see Figure 8). This pretreated paper was then used for paper-based sampling 

with a rod-shaped solid-contact Pb2+ ISE. It was hypothesized that coating the paper with 

the ISM altered the physiochemical state of the filter paper that was in contact with the 

conventional ISE, improving the sensor performance. The LOD did not change when 

modified sampling paper was held in contact with the solid-contact ISE and submerged 

in a beaker of sample, indicating that the worsening of the LOD does not depend on the 

volume of the sample solution [29]. 
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Figure 8. Elemental mapping of the surface (left) and cross-section (right) of ISM-

modified paper, where Panels A and F show the overlapped elemental images, and B to 

E as well as G to I show the individual element maps of carbon (red), oxygen (green), 

chlorine (light blue), and sulfur (purple).  Reproduced with permission from reference [29]. 

Lower LODs were also worsened in sampling with non-paper substrates. In textile-

based sampling, a deterioration of the LOD by 0.1 to 1.0 orders of magnitude was 

observed for the detection of Cd2+, Cl–, and Na+, the LOD worsening depending on the 

composition of the textile (cotton, polyester, polyamide, and blends with elastane). 

Interestingly, there was only a minimal worsening of the LOD for K+ sensing [27,32]. 

Similarly, for polyurethane sponge-based sampling, Cl– and Pb2+ sensing was affected 

by substantial worsening of the LOD, while LODs for K+,  Na+, and Cd2+ were hardly 

affected. While heavy metal adsorption was examined experimentally and explained the 

difference in effects observed for Pb2+ and Cd2+, the reason for the worsening in Cl– 

sensing is yet unexplained [30]. 
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6.4 Lower LODs in strip-type sensors  

Strip-type sensors, in which only the transducer is in contact with the substrate, 

are tested in large volume samples and generally exhibit LODs similar to, or within one 

order of magnitude of, those of analogous conventional ISEs. 

For early strip sensors with electropolymerized PEDOT/PSS solid contacts on a 

PET substrate, lower LODs of 10–8.3 and 10-6.4 M were achieved for Ca2+ and K+ sensing 

through optimization of the ratio of PEDOT and PSS and the membrane thickness [36]. 

Strip-type ISEs with a carbon solid contact coupled with a conventional RE also result in 

LOD values that were within an order of magnitude of those for analogous non-

miniaturized ISEs for Cu2+[48], the antidiabetic ionic drug pioglitazone,[22] as well as K+, 

Ca2+ and Cl–[39]. Interestingly, solid-contact ISEs based on filter paper coated with carbon 

ink exhibited a half an order of magnitude worsened LOD for Ca2+ sensing, but a two 

orders of magnitude worsened LOD for Mg2+. These 2 strips were then incorporated into 

an array with an integrated RE, but LODs were not reported for this modified setup [26].  

SWCNT-coated filter paper used as a supporting substrate resulted in LODs in the 

micromolar range for K+ and NH4+ [23]. However, in subsequent work, the same design 

of paper-based ISE with a Li+ ISM resulted in a half an order of magnitude worsened LOD 

as compared to conventional ISEs, showing again the effect of miniaturization being 

dependent upon the target ion identity. When testing artificial serum, coupling the paper-

based Li+ ISE with a paper-based RE did not affect the LOD significantly (10-4.1 M) [43]. 

Work has also been performed to improve the lower LOD of strip-type sensors to 

the nanomolar range through adaptation of fabrication techniques first introduced in 

conventional electrodes. By coating SWCNT-coated filter paper with Au and then a 
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poly(methyl methacrylate-co-decyl-methacrylate) based ISM, nanomolar detection limits 

were achieved for Cd2+, Ag+, and K+ [37]. Additionally, LODs on the order of 10-7 M for 

both K+ and I– sensing were achieved with SWCNT-coated filter paper, sputter-coated 

with Au and then overlaid first with a poly(3-octylthiophene) solid contact and then with 

PVC-based ISMs. Replacement of the conventional RE using a paper-based RE with an 

ionic-liquid-based poly(methyl methacrylate-co-decyl methacrylate) reference membrane 

resulted in an order of magnitude worsening for Na+ but a minimal change for I– [44]. 

While these methods do achieve very low LODs, they require Au sputtering, which 

complicates fabrication. 

6.5 Lower LODs of sensors built on top of the substrate  

A K+ ISE integrated with a RE was built on a PET substrate with conductive strips 

of carbon ink, a layer of SWCNT functionalized with octadecylamine groups, and either a 

K+ ISM or reference membrane. In these devices, both the ISM and reference membrane 

were made of a photo-cured poly(n-butyl acrylate), and the K+ ISM contained, in addition 

to ionophore and ionic sites, 1 wt % ETH 500. Lower detection limits comparable to those 

for conventional solid-contact K+ ISEs were found with both a conventional RE (10–6.6 M) 

and the integrated solid-contact RE (10–6.5 M), indicating that this type of RE does not 

significantly affect the responses in the lower concentration range [40]. 

For a sensor array made of initially free-standing graphene paper strips dipped into 

solutions of the ISM components and then placed side by side onto a plastic, there was 

minimal difference in the LODs between conventional and miniaturized sensors for K+, 

Ca2+, and pH sensors, although the reported work does not clarify whether the data that 

was reported is from testing with a conventional or a paper-based graphene RE [100]. An 
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array of 4 sensors prepared by Ag screen-printing on synthetic polypropylene paper and 

ISMs of polystyrene nanospheres coated first with Au and then with ISM gave for artificial 

urine LODs of 10-4.2 and 10-4.3 M for Na+ and K+, respectively [45]. As there no data on 

the use of these nanocomposite-containing ISM components in conventional electrode 

bodies was reported for comparison, these LODs are difficult to assess.  

Another array built on a PDMS supporting substrate with a NaCl-doped poly(vinyl 

butyral) RE and C/Au/reduced graphene oxide/ISM for Ca2+ sensing gave a slightly worse 

LOD than in conventional setups. In the same array, a Ag/AgCl ink based Cl– ISE resulted 

in an LOD of 10–3.3 M, significantly higher than the 10—4.8 M that is expected based on the 

solubility of AgCl [60]. While the authors did not attempt to explain the LOD, it may be 

due to Cl– leaching from either the RE or the Ag/AgCl ink [95]. 

When using a polyurethane substrate with screen-printed carbon and AgCl/Ag ink, 

an order of magnitude worsening of the lower end of the linear range was found for Cl–, 

Na+, and K+ but not for pH sensors (LOD not reported) as compared to corresponding 

values for analogous non-miniaturized ISEs. As the pH measurements were performed 

using pH buffers, it is possible that the pH buffers’ ability to maintain a constant pH may 

have prevented pH changes in the sample but depletion of the other ions caused the poor 

LOD observed for the non-buffered solutions of the other ions. This array included a RE 

with an ionic-liquid-based reference membrane. This worsening may be due to the 

miniaturization of either the working or sensing electrodes [68]. 

An epidermal sensor with a PET support, screen-printed carbon ink as the solid 

contact, and drop cast ISMs resulted in a 1 mM LOD for both Na+ and K+ sensing [52]. 

While these values are more likely the lower end of the dynamic range rather than an 
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LOD calculated from extrapolation of values below the lower limit, it is still a significant 

deviation from the range of conventional electrodes of similar membrane compositions.  

A comparison of the performances of the solid contacts for a Cd2+ ISE built on top 

of a PET substrate revealed that graphene resulted in an order of magnitude improvement 

in the lower LOD compared to graphite [47]. 

For all these devices with minimal contact between substrate and either the sample 

solution or ISMs, the extent of LOD worsening depends on the valency and identity of the 

measured ion as well as the type of solid contact used. Of 15 publications that report 

sensors built on top of a support substrate [25,26,40,43–49,51,52,60,68,100], six 

exhibited a lower LOD worsened at least half an order of magnitude upon miniaturization 

[43,45,49,52,60,68], seven showed a smaller or no deterioration of the lower LOD 

[26,40,44,46–48,100], and two did not report lower LODs or did not describe how the LOD 

was determined [25,51]. 

6.6 Lower LODs of sensors with higher levels of device integration  

Integrated single-use setups with both the sample and sensing components in 

direct contact with the supporting substrate generally have a lower LOD that is more than 

one order of magnitude worse than for analogous conventional ISEs. A paper-based 

sandwich-type ISE exhibited a one order of magnitude worsening of the dynamic range 

for Na+, K+, and Ca2+ sensing [24] and a three orders of magnitude worsening of the LOD 

for ionophore-free bilirubin sensing [56]. In contrast, for a paper-based sandwich-type ISE 

with a 3D printed ion sensing membrane, there was no change in the dynamic range for 

ionophore-free tetrabutylammonium sensing [57]. 
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Similarly high LODs have also been reported for devices with membranes 

embedded within the substrate material. A fully inkjet-printed paper-based device with 

PVC ISMs resulted in LODs of 10-4.0 and 10-4.5 M for K+ and Na+, respectively [65]. While 

no direct comparison was given for analogous conventional ISEs, these values are at 

least one order of magnitude worse than was reported elsewhere for conventional rod-

shaped ISEs with the same ionophores [106]. Additionally, a paper-based device with an 

ionic-liquid-based reference membrane and K+ ISM exhibited an LOD of 10–3.1 M K+ [58], 

higher than for a non-miniaturized ISE of the same ionophore (valinomycin). The same 

setup with a hydrophilic high-capacity ion exchange membrane for Cl– sensing gave a 

lower range of 10–3 M, similar to that of conventional devices [59]. 

In another device designed as a wearable sensor, hydrophobic barriers of 

poly(acrylonitrile-co-butadiene-co-styrene) films were transferred onto a cotton shirt, and 

the LOD for the Ca2+ ISE was reported as 10-5.2 M. However, it is unclear how the LOD 

was determined and whether the electrodes and membranes were printed directly onto 

the cotton material or built up vertically, as in other sensors for sweat, both factors that 

prevent direct comparisons between designs [66]. 

6.7 Lower LOD of textile-based sensors  

A commercial carbon fiber coated with a Na+ ISM and tested with a conventional 

RE resulted in an LOD of 10-6.3 M, similar to a conventional ISE. However, switching to a 

fiber-based RE with a NaCl doped poly(vinyl butyral) membrane, a cotton pad for wicking 

of samples, and artificial sweat, the lower limit increased to about 10-3.5 M, as estimated 

from a calibration curve. Unfortunately, it is difficult to pinpoint the cause of the poor LOD 

as many variables were changed at once [74]. 
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An integrated device with SWCNT-coated cotton fibers dip-coated as a 

pretreatment in either a Li+ ISM or a reference membrane solution resulted in an LOD of 

10-5 M [71], which is similar to that reported for paper-strip type Li+ ISEs of similar 

composition [43] but once again higher than for a conventional solid-contact Li+ ISE. The 

similarity of the LODs for these 2 setups suggests that there was no effect of the identity 

of the substrate on the LOD, perhaps because the substrates are not in contact with the 

selective sensing components or sample. Additionally, for sensors with the same SWCNT 

and ISM composition, switching from filter paper to cotton yarn as the underlying 

substrate minimally affected the LODs, which were found for K+, NH4+, and pH at 10-5.1 

M, 10-5.4 M, and pH 10 for the paper substrate and 10-5 M, 10-6 M, and pH 11 for the yarn, 

respectively [23,83]. 

7 Conclusions  

Overall, deviations from theoretically predicted device characteristics and 

performances of analogous non-miniaturized devices have been observed more often in 

miniaturized devices when there is direct contact between unmodified supporting 

substrates and sample solutions or sensing/reference membranes. When such contact is 

present, deviations often depend upon the chemical structure of the underlying support. 

Many modifications of supporting substrates have been shown to eliminate or lessen such 

effects. However, such modifications increase the complexity of the fabrication process 

and device costs to some extent and, therefore, need to be evaluated in the overall 

context of the required traits of a point-of-care device. On the other hand, fewer deviations 

from ideal sensor performance have been observed when the surface of the substrate 
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supporting the device is covered either by a solid-contact material or hydrophobic coating, 

completely separating the sample as well as the sensing and reference membranes from 

the substrate. In these situations, LODs do not correlate to the substrate structure and 

are typically found to depend primarily on the identity of the solid contact as well as the 

valency and identity of the measured ion. While there are many applications for which 

very low LODs are not required, non-theoretical response slopes cast doubts on the 

reliability of any device that exhibits them, and a high reproducibility of E0 is critical for 

any sensor used in a calibration-free mode.  

The incorporation of nanomaterials into many sensors reviewed in this paper 

demonstrates the nuances of selecting appropriate materials. Nanomaterials have to date 

primarily served as solid contacts, such as the CNTs on paper or threads [23,40,61]. 

However, nanoparticle-based conductive inks or wires have also been used to connect 

the solid-contact material to external wires [62,75]. As also observed for conventional 

ISEs, the use of nanomaterials as solid contacts may lead to improved reproducibility or 

even lower LODs [25,37]. Additionally, by fully coating the underlying support with a 

nanomaterial, there is no sample|substrate or sample|ISM interface, thereby preventing 

interactions that may lead to non-ideal performance. However, as with all materials in 

contact with small sample volumes, there is a higher risk of contamination of the sample 

by nanomaterials [94,95], and the impact of nanomaterials on cost, manufacturability, and 

ultimate disposal must be considered as well. 

The systematic study of interactions between supporting materials. on one hand, 

and target analytes and components of reference electrodes, on the other hand, has 

increased our understanding of the source of non-ideal performances. Thereby, it has 



56 

 

also led to modifications that improve the sensor performance. Although the quantification 

of these interactions is complicated by the small sample volumes used in miniaturized 

devices, creative applications of fundamental analytical chemistry techniques will 

facilitate proper study. Continued study of the effects of miniaturization will hopefully lead 

to performances that meet the needs of point-of-care devices. 
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