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Rising global concerns posed by chemical and biological threat agents highlight the critical need to develop
reliable strategies for the real-time detection of such threats. While wearable sensing technology is well suited to
fulfill this task, the use of on-body devices for rapid and selective field identification of chemical agents is
relatively a new area. This work describes a flexible printed textile-based solid-contact potentiometric sensor for
the selective detection of fluoride anions liberated by the biocatalytic hydrolysis of fluorine-containing G-type
nerve agents (such as sarin or soman). The newly developed solid-contact textile fluoride sensor relies on a
fluoride-selective bis(fluorodioctylstannyl)methane ionophore to provide attractive analytical performance with
near-Nernstian sensitivity and effective discrimination against common anions, along with excellent reversibility
and repeatability for dynamically changing fluoride concentrations. By using stress-enduring printed inks and
serpentine structures along with stretchable textile substrates, the resulting textile-based fluoride sensor exhibits
robust mechanical resiliency under severe mechanical strains. Such realization of an effective textile-based
fluoride-selective electrode allowed biosensing of the nerve-agent simulant diisopropyl fluorophosphate (DFP),
in connection to immobilized organophosphorus acid anhydrolylase (OPAA) or organophosphorus hydrolase
(OPH) enzymes. A user-friendly portable electronic module transmits data from the new textile-based potenti-
ometric biosensor wirelessly to a nearby smartphone for alerting the wearer instantaneously about potential
chemical threats. While expanding the scope of wearable solid-contact anion sensors, such a textile-based
potentiometric fluoride electrode transducer offers particular promise for effective discrimination of G-type
neurotoxins from organophosphate (OP) pesticides, toward specific field detection of these agents in diverse
defense settings.

1. Introduction

Rapidly advancing wearable sensing technology can provide inno-
vative solutions to various limitations in healthcare via remote and
continuous monitoring of human physical metrics and physiological
parameters. Thereby facilitating the realization of personalized medi-
cine (Kim et al., 2019; Min et al., 2021; Ray et al., 2019). Wearable
potentiometric sensors represent an important subclass of wearable
chemical sensors, enabling the real-time monitoring of ions in
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physiological fluids. Recent advances in potentiometric sensors have
facilitated the transition from traditional rigid ion selective electrodes
(ISEs), based on inner solutions, to flexible solid-contact ISEs (Hu et al.,
2016; Shao et al., 2020). These developments have led to the evolution
of wearable potentiometric sensors for on-body monitoring of key
electrolytes in excreted biofluids such as sweat (Bandodkar et al., 2014,
2013; Gao et al., 2016; Guinovart et al., 2013; Sempionatto et al., 2017),
saliva (Lee et al., 2018), and interstitial fluid (Parrilla et al., 2019).
However, despite the significant progress, wearable potentiometric
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sensors have been limited to a small number of ions, mostly cations, such
as sodium (Bandodkar et al., 2014; Lee et al., 2018), potassium (Parrilla
et al., 2019; Sempionatto et al., 2017), pH (Bandodkar et al., 2013) and
ammonium (Guinovart et al., 2013), with chloride as the only reported
anion (Bariya et al., 2020; Emaminejad et al., 2017; Xu et al., 2020).
Lack of reports on wearable anion-selective sensors stems partly from
the different ion transduction mechanism required for such anion sen-
sors, where, unlike in cation-selective electrodes, common p-type
conductive polymers, such as poly (3-octhylthiophene) (POT), cannot be
readily employed as ion-to-electron transducers (Bobacka, 2006, 1999;
Mousavi et al, 2009, 2011). This reflects the redox capacitive cation
sensing mechanism for such conductive polymers, which has been
shown to be energetically unfavorable when coupled to the extraction of
a hydrophilic anion into the selective membrane (Yuan et al., 2015). In
this regard, several research groups have demonstrated the advantages
of employing carbon nanomaterials, such as carbon nanotubes (CNTs)
and graphene, as double layer capacitive ion-to-electron transducers in
solid-contact anion sensors (Garland et al., 2018; Hassan et al., 2019; Liu
et al., 2020; Parra et al., 2009; Yuan et al., 2015). However, the rigid
and/or bulky design of the constituent electrodes precluded the trans-
lation of these anion sensors onto flexible and/or wearable platforms.
Hence, expanding the scope of wearable anion-selective sensors from
solely chloride sensing platforms to other important anions is vital for a
wide variety of applications.

Although the major focus of wearable chemical sensors has been on
developing wearables for healthcare and fitness applications, their use
in detecting chemical threats or scanning security hazards in the
wearer’s ambient environment has recently received increasing atten-
tion in connection to diverse security, forensic and defense scenarios
(Hubble and Wang, 2019; Windmiller and Wang, 2013). In this regard,
fluoride ion is an important target anion associated with extremely toxic
fluoride-containing G-type chemical warfare neurotoxins, such as soman
and sarin. These organophosphate compounds (OPs) can rapidly para-
lyze the central nervous system through disruption of the natural ac-
tivity of the neurotransmitter-associated enzyme acetylcholinesterase
and the resultant accumulation of acetylcholine in neurosynapses (Goud
et al., 2020). Fluorine-containing OPs can undergo biocatalytic hydro-
lysis reaction in the presence of enzymes that can cleave their P-F bond
(i.e. organophosphorus hydrolase (OPH) and organophosphorus acid
anhydrolase (OPAA)), resulting in the liberation of fluoride ions (Kirsch
et al., 2013). Several studies on either wild-type or the
genetically-modified mutants of OPH and OPAA enzymes (also known as
phosphotriesterases) have demonstrated their capability to perform
catalytic defluorination of G-type nerve agents (Bae et al., 2018; Kirsch
et al., 2013; Simonian et al., 2001; Tsai et al., 2012). In particular, the
distinct substrate affinity of OPAA makes it extremely attractive for
selective detection of fluorine-containing neurotoxins. When coupled to
a fluoride recognition system, such biocatalytic ability offers consider-
able promise toward efficient discrimination of G-type nerve agents
versus common OP pesticides.

However, developing fluoride-selective sensors is very challenging
due to the inherent hydrophilic nature of fluoride ions, which mandates
the presence of highly selective ionophores to offset the Hofmeister se-
ries and enable efficient fluoride extraction into the hydrophobic
membrane of the electrode (Kang et al., 2007; Perdikaki et al., 2002).
Another challenge arises from the pH incompatibility between the
enzyme and the fluoride ionophore, as fluoride ionophores commonly
rely on highly acidic pH which is far from the neutral/slightly basic pH
needed for optimum enzyme activity (Goud et al., 2020; Kang et al.,
2010; Mitchell-Koch et al., 2006). In the absence of a reliable fluoride
sensor, pH-selective sensors were commonly merged with the immobi-
lized OPH or OPAA enzyme for monitoring the pH changes resulting
from the liberation of protons (along with fluoride ions) during the
hydrolysis of fluorine-containing OP agents (Mishra et al., 2018; Simo-
nian et al.,, 1999, 2004). However, this strategy is subject to major
challenges as all types of OPs release protons upon hydrolysis reaction
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and the detection sensitivity can be drastically affected by the buffering
capacity of the target analyte sample (Ramanathan et al., 2010).

In this work, we demonstrate the first example of a wearable, textile-
based solid-contact fluoride sensor toward the selective recognition and
biodetection of fluorine-containing G-type nerve agents (Fig. 1). Textile-
based wearable sensors have recently received growing attention, owing
to the major role of textiles in our daily life and to their favorable
elastomeric properties. Versatile textile substrates allow contact be-
tween the sensor and the body, while their extensive surface area en-
ables the compact integration of associated electronic components
(Bujes-Garrido and Arcos-Martinez, 2017; Parrilla et al., 2016; Wang
et al., 2018; Xu et al., 2020). A key attribute of wearable textile-based
sensors is the ability to withstand extreme mechanical deformations
without affecting their analytical performance. To impart the desired
robustness and mechanical resiliency to our new potentiometric sensors,
we employed here a unique dielectric confinement strategy to reinforce
the serpentine-based stretchable design of the electrodes. The combi-
nation of a fluoride-selective organotin-based recognition ionophore in
the polymeric membrane to selectively chelate the fluoride anion (with
each of the two central Sn atoms) and carboxyl-functionalized multi--
walled carbon nanotubes as ion-to-electron transducer, along with
careful optimization of the sensor preconditioning parameters resulted
in an attractive near-Nernstian sensitivity and highly reliable fluoride
response. Solving the challenge of an effective on-body fluoride sensor
has opened the door to the realization of selective potentiometric bio-
sensing of G-type nerve agents in connection to immobilized OPH or
OPAA enzymes. The resulting textile-based nerve-agent biosensor is
easily interchangeable and has been coupled with a miniaturized
potentiostat that enabled the wireless detection of the DFP surrogate
compound of G-type neurotoxins. The new wearable platform holds
considerable promise for alerting soldiers and civilians rapidly
regarding a potential chemical attack.

2. Experimental

All experimental details and procedures including-materials and
instrumentation employed, design and fabrication of textile-based
electrodes, fluoride sensor optimization protocol, mechanical resil-
ience analyses, fluoride sensor cocktails immobilization, organophos-
phorus acid anhydrolase (OPAA) and organophosphorus hydrolase
(OPH) enzyme immobilizations, corresponding reagent layers, potenti-
ometric fluoride sensing and DFP biosensing experiments have been
described in the Supplementary Information.

Safety Note: DFP biosensing experiments, including solution prepa-
ration and potentiometric analysis were carried out with extreme
caution, owing to the high toxicity and potentially hazardous effects of
DFP exposure. The stock DFP solution was always stored inside a screw-
cap microcentrifuge tube and its diluted secondary solutions were stored
in 15 mL centrifuge tubes. To ensure moisture-free conditions during
DFP storage, an ample amount of molecular sieves was stored alongside
the DFP solution. The DFP dilutions were performed by using anhydrous
isopropyl alcohol (IPA) solution (99.5%) to minimize the aqueous
exposure to DFP. For safety precautions, the DFP solution preparation
and biosensing experiments were carried out inside a fume hood and the
scientist wore two layers of gloves to lower the risk of direct skin con-
tact. Continuous Ny gas flow was used while preparing the diluted sec-
ondary solutions of DFP. The DFP-contaminated solid waste such as-
gloves, micropipette tips, centrifuge tubes, paper wipes and textile-
based DFP biosensors were appropriately decontaminated by
immersing them in 0.1 M NaOH solution after use.

3. Results and discussions
3.1. Textile-based solid-contact fluoride sensing

Toward the ultimate goal of on-body detection of G-type nerve
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Fig. 1. Flexible and stretchable textile-based
solid-contact potentiometric fluoride sensor.
A. Schematic representation of screen print-
ing the spandex fluoride sensor. B. Real
image of stencil design for screen printing
the sensor. C. Schematic of the modification
protocol used for fabricating the solid-
contact spandex fluoride sensor. D. Image
of bending the spandex fluoride sensor. E.
Mechanical resilience analysis of the
spandex-printed electrodes. F. Spandex
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agents, we initially developed the first textile-based wearable potenti-
ometric sensor for selective recognition of fluoride anions. G-type nerve
agents yield fluoride anions upon cleavage of their P-F bonds in the
presence of a suitable enzyme. Accordingly, we introduced a flexible and
stretchable textile-based solid-contact fluoride sensor that could be
directly screen printed on the Soldier’s clothing (i.e. camouflage Gore-
Tex coated textile) or could be easily transferred onto the Soldier’s
clothing. Fig. 1A illustrates the schematic representation of screen
printing the spandex fluoride sensor, followed by integration of the
textile-based sensor with a miniaturized portable potentiostat for wire-
less data transmission. The printing process was performed on the sur-
face of a spandex textile (gray color) by first printing the Ag/AgCl ink
layer (silver color) as the serpentine traces, serving as connection pads
and as the RE. This was followed by printing the carbon ink layer (black
color) as the WE area and its connecting trace over the adjoining Ag/
AgCl serpentine trace. Printing of Gorilla epoxy (red color) involved
three layers on top of the Ag/AgCl serpentine traces and one layer un-
derneath the area designated for the carbon ink. The incorporation of
Gorilla epoxy afforded dielectric confinement to the sensor design and
thereby improved its mechanical resilience (Yin et al., 2018). In the final
step, the insulation layer was printed by wusing a layer of
styrene-ethylene-butylene-styrene copolymer (SEBS, light blue color)
elastomer formulation. This layer secures the dielectric separation of the
serpentine traces to rule out sensor short-circuits and was also useful for
further enhancing the mechanical integrity of the Gorilla
epoxy-confined sensor traces (Yin et al., 2021). Fig. 1B presents an
image of the stencil design used for the screen-printing process, along
with a real picture of the obtained spandex fluoride sensor. Fig. 1C
schematically illustrates the composition of the textile-based solid--
contact fluoride sensor. This schematic presents the modification pro-
tocol used for the sensor fabrication process. The WE of the spandex
fluoride sensor was first modified with an intermediate layer of
carboxyl-functionalized @MWCNTs (CNT-COOH), followed by

modification with a fluoride ion-selective membrane cocktail
(comprising an organotin-based ionophore, polyvinyl chloride (PVC)
dielectric matrix, potassium tetrakis (4-chlorophenyl)borate (KTpCIPB)
ion exchanger and bis(2-ethylhexyl) sebacate (DOS) plasticizer). In the
case of the RE, it was first modified with a reference cocktail solution
(comprising polyvinyl butyral (PVB) and NaCl), followed by a layer of
polyurethane (PU) to minimize the leaching of chloride ions. Fig. 1D
illustrates the real image of 180° bending of the spandex fluoride sensor
during mechanical resiliency studies. The Dartex Exoskin®-coated
spandex textile was chosen in this work owing to its superior flexibility
and stretchability, compared to conventional textile substrates, along
with its superior water resistance and abrasion resistance. These prop-
erties play a key role toward achieving high mechanical resiliency of the
textile-based sensor under dynamic stretching and bending conditions.
Fig. 1E depicts the mechanical resiliency analysis of the spandex printed
electrodes. The uniaxial stretching experiments were conducted on a
tensile testing machine, while sequentially changing the tensile strain
from 10% to 90%, at a constant strain rate of 2 mm/s and over 25 strain
cycles. The spandex fluoride sensor exhibited minimal resistance in-
crease up to 90% tensile strain. The resistance gradually increases from
14 Q (Rg) under 0% tensile strain to 110 Q (Rgg) under 90% tensile
strain, which indicates good stretchability of the spandex fluoride
sensor. Fig. 1F illustrates the real image of a spandex fluoride sensor
coupled with a wearable potentiostat for Bluetooth-enabled wireless
interfacing with a nearby smartphone. This wearable textile-based
fluoride sensing approach enables the real-time electroanalyses of
fluorine-containing analytes (like G-type nerve agents), directly from a
nearby smartphone.

3.2. Optimization of pre-incubation time, pre-incubation concentration
and working electrode-intermediate layer

The application of wearable textile-based sensors for defense
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applications (especially warfare) necessitates their unobtrusive inte-
gration with the uniforms of military personnel. In consideration of the
diverse uniforms worn within the military, we demonstrate the flexi-
bility of the screen-printing technology for fabricating the textile-based
fluoride sensors, which enabled their reproducible and reliable printing
on various types of spandex-based substrates (Fig. 2D). Incorporation of
ion-to-electron transducers as intermediate layers of solid-contact ISEs
has been shown to provide an effective sensing performance, including
near-Nernstian sensitivity, reproducibility, reversibility, pH resiliency,
response time, medium- and long-term stability of potentiometric sen-
sors (Crespo et al., 2008; Hu et al., 2016; Liu et al., 2019; Parra et al.,
2009; Yuan et al., 2015). Bobacka’s group pioneered the use of
conductive polymers as redox capacitive transducer layers for potenti-
ometric ion sensing (Bobacka, 2006; Mousavi et al., 2009). However, the
groups of Bakker, Crespo and Rius subsequently elucidated the unique
advantages of other carbon-based nanomaterials, particularly SWCNTs
(Crespo et al., 2008), followed by carboxyl-functionalized MWCNTSs
(Parra et al., 2009) and finally, lipophilic MWCNTSs (Yuan et al., 2015) as
robust double layer capacitive transducer layers with highly-improved
pH resilience, O, insensitivity, light insensitivity and minimal water
layer formation versus the previously employed redox
capacitance-based conductive polymers. Accordingly, we have investi-
gated the relative impact of two types of intermediate layers, including
CNT and CNT-COOH versus the bare SPCE. The impact of these layers on
the fluoride sensing performance has been assessed in terms of the
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response drift [Fig. 2A (a-c)] and the medium-term (1 h) response sta-
bility [Fig. 2A (d)] of the solid-contact spandex fluoride sensor. In
agreement with earlier studies on potentiometric anion sensors, the
CNT-COOH intermediate layer led to an improved near-Nernstian
sensitivity (59.2 mV/dec) versus that of bare SPCE (56.4 mV/dec),
while being comparable to that of CNT (58.0 mV/dec) (Crespo et al.,
2008; Parra et al., 2009; Yuan et al., 2015). This behavior can be
attributed to the significantly lowered charge-transfer resistance upon
employing the above intermediate layers versus the bare SPCE, which
facilitates the ion-to-electron transduction mechanism for improved ion
sensitivity (Crespo et al, 2008, 2009). The superiority of the CNT-COOH
intermediate layer was further substantiated by the improved
medium-term stability (i.e. lower fluoride response drift) versus those of
CNT and bare SPCE. This behavior has been previously attributed to the
higher low-frequency capacitance of CNT-COOH, followed by that of
CNT and bare SPCE (Parra et al., 2009; Yuan et al., 2015). Hence, we
selected CNT-COOH as the optimal intermediate layer for fabricating the
solid-contact spandex-based fluoride potentiometric sensor.

The preconditioning parameters, particularly pre-incubation solu-
tion concentration and pre-incubation time, can have a profound impact
on the performance of the potentiometric fluoride sensor (Goud et al.,
2020; Hu et al., 2016). Hence, we optimized each of these two pre-
conditioning parameters after selecting the optimal WE intermediate
layer for the spandex fluoride sensor. First, we utilized two
pre-incubation fluoride solution concentrations, 10 mM and 40 mM,
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Fig. 2. Optimization of the working electrode-intermediate layer and preconditioning parameters for the textile-based potentiometric fluoride sensor. A. Optimi-
zation of the fluoride sensing performance by employing different intermediate layers- (a) Bare SPCE, (b) CNT, (c) CNT-COOH and (d) 1 h response stability analysis
in 10 mM NaF sample solution with respective intermediate layers. B. Optimization of the pre-incubation solution concentration with (a) 10 mM NaF and (b) 40 mM
NaF at 30 min pre-incubation time. C. Optimization of the pre-incubation time at (¢) 30 min and (d) 60 min using a 10 mM NaF sample solution. D. Images of the
screen-printed fluoride sensor on various spandex substrates. E. Reproducibility study of the textile-based solid-contact fluoride sensors (n = 10) while sensing
fluoride concentrations of 0, 0.1 and 1 mM. Experiments were carried out in MES buffer solution (10 mM, pH 5.5).
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respectively, to determine their impact on the fluoride sensing perfor-
mance using a 30 min pre-incubation time. As shown in Fig. 2B,
pre-incubation in the 10 mM fluoride solution resulted in a favorable
near-Nernstian sensitivity of the fluoride response whereas,
pre-incubation in the 40 mM fluoride solution led to a diminished
fluoride response. Next, two pre-incubation times (30 min and 60 min)
were examined to determine their impact on fluoride sensing perfor-
mance along with the 10 mM pre-incubation fluoride solution. As shown
in Fig. 2C, a pre-incubation time of 30 min offered favorable
near-Nernstian sensitivity of the fluoride response, whereas the 60 min
incubation significantly diminished the fluoride response. Accordingly,
we selected the optimal preconditioning parameters for the spandex
fluoride sensors as 30 min pre-incubation in 10 mM NaF solution (in 10
mM MES, pH 5.5). It is also important to note that an additional time
interval of 5 min was required to stabilize the standard open-circuit
potential (E°) of the spandex fluoride sensor prior to commencing
each fluoride sensing experiment. The excellent performance of the
spandex fluoride sensors can be further appreciated from the
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reproducibility data presented in Fig. 2E, where the open-circuit po-
tential was measured at three different fluoride concentrations of 0, 0.1
and 1 mM, across a batch of 10 sensors (average RSD = 2.84%, n = 3 x
10).

3.3. Mechanical resilience analyses of the textile-based fluoride sensor

The realization of a robust, textile-based wearable fluoride sensor
was facilitated via a sequential optimization of the sensor design. First,
serpentine traces of Ag/AgCl ink were chosen to incorporate design-
induced stretchability in the sensor design (Bandodkar et al., 2016).
Next, Gorilla epoxy was utilized to afford dielectric confinement to the
sensor design for improved mechanical resilience. Interestingly, this
confinement led to a significant increase in the sensitivity of the resul-
tant textile-based fluoride sensor (Fig. S1). The fluoride sensitivity rose
from 44.67 mV/decade before confining with the dielectric, to a
near-Nernstian 58.67 mV/decade with dielectric confinement. This
improvement can be attributed to the improved pattern uniformity of
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Fig. 3. Mechanical resilience analyses of the spandex fluoride sensor.A. Sensor performance with constant uniaxial tensile strain cycles - a) Image of spandex fluoride
sensor under tensile strain, (b) Sensing response of spandex fluoride sensor within 0.1-100 mM concentration after 25 tensile strain cycles each of increasing tensile
strain (10-40%), (c) Comparison of sensing response of spandex fluoride sensor at 1 and 10 mM concentrations after 25 tensile strain cycles each of increasing tensile
strain (10-40%). B. Spandex fluoride sensor performance with constant uniaxial tensile strain - a) Image of spandex fluoride sensor under tensile strain, (b) Sensing
response of spandex fluoride sensor within 0.1-100 mM concentration after increasing cycles (25-100x) of 20% tensile strain, (c) Comparison of sensing response of

spandex fluoride sensor at 1 and 10 mM concentrations after increasing cycles (25—
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the screen-printed carbon ink, owing to the underlying Gorilla epoxy
confining layer (Yin et al., 2018). To evaluate the mechanical resiliency
of the optimal spandex fluoride sensor, we critically evaluated the
fluoride potentiometric response under varying degrees of uniaxial
stretching and bending that exceed those expected during daily activity.
Fig. 3A presents the impact of increasing uniaxial tensile strain (from 10
to 40%) on the fluoride sensing performance of the spandex fluoride
sensor, for a constant 25x strain cycles. It is evident in Fig. 3A (b) that
there was no appreciable increase in fluoride response drift with
increasing tensile strain (RSD = 6.48%, n = 5). Such resiliency reflects
the mechanical robustness of the CNT-COOH intermediate layer and its
contact with the underlying carbon-based WE (Parra et al., 2009; Yuan
et al., 2015). Further, Fig. 3A (c) examines the impact of increasing
uniaxial tensile strain on the fluoride response at two concentrations of
fluoride (1 and 10 mM). There was nearly a 15% overall reduction in
fluoride sensitivity with increasing tensile strain from 0 to 40%, which
can be attributed to the limited stretchability of the WE and RE cocktails
(Bandodkaret al., 2014; Parrilla et al., 2016). It is important to note that
other stretchable alternatives of carbon and Ag/AgCl inks (see section
S1.2.) were explored but there was no appreciable improvement in the
mechanical resilience of the spandex fluoride sensor. Fig. 3B presents
the impact of increasing cycles of 20% uniaxial tensile strain (from
25-100x) on the fluoride sensing performance. It is evident from Fig. 3B
(b) that only a negligible change in the fluoride response is observed
with these increasing strain cycles (RSD = 4.27%, n = 5). Such behavior
substantiates the high mechanical robustness of the CNT-COOH inter-
mediate layer and its stable contact with the underlying carbon-based
WE (Parra et al., 2009; Yuan et al., 2015). Fig. 3B (c) further illus-
trates the effect of increasing uniaxial tensile strain cycles on the fluo-
ride response at two fluoride concentrations (1 and 10 mM). While the
response for 1 mM fluoride remains highly stable throughout these cy-
cles, a small (10%) decrease is observed for the 10 mM fluoride solution
under these repeated severe strains. Fig. 3C examines the influence of
increasing 180° bending cycles (from 25-100x) on the performance of
the spandex fluoride sensor. Similar to the uniaxial stretching experi-
ments, it is evident from Fig. 3C (b) that the textile fluoride sensor
maintains its attractive performance during and after these 100 180°
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bending cycles (RSD = 7.92%, n = 5). Lastly, Fig. 3C (c) presents the
impact of increasing 180° bending cycles on the fluoride response at two
fluoride concentrations (1 and 10 mM). The response for 10 mM fluoride
remains highly stable throughout these repeated strains while that of 1
mM solution increases 7% after the 100th cycle. Overall, the data of
Fig. 3 clearly indicate that the new solid-contact fluoride sensor displays
high resiliency against common mechanical deformations.

3.4. Analytical performance of the textile-based all-solid-state fluoride
sensor

The performance of the solid-contact spandex fluoride sensor was
investigated for the detection of fluoride anions. These experiments
were carried out with the optimal fluoride sensor design, comprising the
confining layers of Gorilla epoxy (Fig. S1), along with the CNT-COOH
intermediate layer on the WE (Fig. 2B). Further, these experiments
included development of the optimal sensing parameters, particularly a
pre-incubation NaF solution concentration (10 mM), pre-incubation
time (30 min) and a pH 5.5 MES buffer (Goud et al., 2020). To
examine the concentration dependence of the new textile fluoride
sensor, we recorded the potential response over the 0.1-100 mM NaF
[Fig. 4A (a)] and 2-22 mM [Fig. 4A (b)] concentration ranges. As
illustrated in Fig. 4A, the spandex fluoride sensor displays a
near-Nernstian response, with a fluoride sensitivity around 59 mV/de-
cade over both concentration ranges. The respective calibration plots are
presented as the insets; corresponding calibration equations of E =
—58.67 logyo [NaF] + 68.78 mV, R? =0.978 for Fig. 4A(a), inset; and E
= —58.98 log1o [NaF] + 86.97 mV, R? = 0.990 for Fig. 4A (b), inset. We
then examined the reversibility of the fluoride sensor using carry-over
potentiometric experiment performed upon increasing and decreasing
fluoride concentration using 0.1-100 mM NaF solutions. As illustrated
in Fig. 4B, the spandex fluoride sensor exhibits an excellent reversibility
and repeatability of fluoride detection, with nearly identical
near-Nernstian sensitivity for increasing and decreasing fluoride con-
centrations (i.e. 0.1-100 mM and reverse). Such attractive reversible
response characteristics are highly promising for an advanced applica-
tion requiring continuous fluoride monitoring (Jayeoye and Rujiralai,

1 10 10¢
[NaF]/ mM

E/mV

0
[NaF]/ mM

100 mM 22

600

*4 10 mM NaF

Fig. 4. Evaluation of potentiometric sensing performance of the solid-contact spandex fluoride sensor. (A)Fluoride sensing performance over the concentration range
of- (a) 0.1-100 mM and (b) 2-22 mM NaF solutions. Insets present the respective calibration plots; respective error bars shown are each based on three independent
measurements, n = 3, RSD = 1.67% and 1.45%, respectively. (B) Carry-over analysis over the concentration range of 0.1-100 mM NaF solutions. (C) Stability
evaluation over 3.5 h in 10 mM NaF solution. (D) Interferents study while changing the concentration of the different tested anions from 1 to 10 mM. (E) Fluoride
sensing performance over the concentration range of- (a) 20-200 pM. The inset presents the corresponding calibration plot; error bars shown are based on three
independent measurements, n = 3, RSD = 1.81%. (b) Image depicting wireless interfacing between the spandex fluoride sensor and a nearby smartphone (displaying
the sensor reversibility) via the portable potentiostat for real-time fluoride detection.
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2020; Kono et al., 1987; Levin et al., 2016; Xing et al., 2020). In order to
estimate the limit of detection (LOD) and lower limit of quantification
(LOQ) of the spandex fluoride sensor, open-circuit potentiometric
measurements were performed via 20 pM NaF concentration increments
[Fig. 4E (a)]. The spandex fluoride sensor displays a well-defined
potentiometric response for these small 20 uM concentration changes
up to 200 pM. The calibration plot, presented as the inset, displays
near-Nernstian fluoride response, corresponding to E = —58.77 logio
[NaF] + 181.26 mV, R? = 0.974 for Fig. 4E (a), inset. An LOD [calcu-
lated as 3 x (SD of y-intercept/slope)] of 17 uM was estimated based on
these favorable signal-to-noise characteristics. Such low LOD reflects the
ability of the developed textile sensor to detect 1.7 nmol of fluoride
(considering the 100 pL sample volume), which assuming the complete
biocatalytic hydrolysis of the G-type nerve agent, can be translated to
0.24 pg and 0.3 pg of sarin and soman (target fluorine-containing G-type
nerve agents), respectively. Based on the general human lethal con-
centration threshold (Lct50) values for 2-min air exposure times of sarin
and soman - which are both around 390-420 pg/min (Lukey et al., 2019)
- and considering the fast response of the developed textile sensor (50 s),
the sensor can potentially provide a timely alert on exposure to such
chemical threats.

The stability of the solid-contact spandex fluoride sensor was eval-
uated first in a 10 mM NaF solution over a period of 3.5 h (Fig. 4C). The
sensor exhibited a sufficiently stable fluoride response over the inves-
tigated period, with a potential drift of 7 mV/h. The favorable medium-
term stability can be attributed to the high low-frequency capacitance
due to the CNT-COOH intermediate layer (Parra et al., 2009; Yuan et al.,
2015). Such behavior holds promise for future continuous fluoride
monitoring applications. The new textile fluoride sensor can be easily
detached (as shown in Fig. S2C) and thus allows convenient removal, e.
g., before washing. Such easily interchangeable sensor can facilitate
applications over long periods. Such long-term stability of five spandex
fluoride sensors was investigated via daily monitoring of the fluoride
response over a period of 7 days. The spandex fluoride sensors were
stored at room temperature under dark conditions, while being incu-
bated in 0.1 mM NaF solution (in 10 mM MES, pH 5.5). The high sta-
bility of the obtained fluoride sensitivities within 55-60 mV/decade
(RSD = 7.82%, n = 5) validates the robustness of the solid-contact
spandex fluoride sensor, as desired for sensing applications demanding
long-term use. Finally, the selectivity of the solid-contact spandex
fluoride sensor was evaluated in the presence of potentially interfering
anions, including chloride, bromide, nitrate, carbonate, sulfate, thiocy-
anate and nitrite anions. Fig. 4D presents the relative potentiometric
responses of the solid-contact fluoride sensor to various anions, with the
respective anion concentrations changing from 1 mM to 10 mM. These
signals demonstrate the high selectivity of the spandex fluoride sensor
toward the detection of primary fluoride anions. This excellent perfor-
mance is attributed to the exceptional binding affinity of Sn-based
organometallic ionophores toward fluoride anions (Goud et al., 2020;
Perdikaki et al., 2002). The minor yet relatively insignificant in-
terferences from certain anions (Cl~, Br~ and SCN™) are expected based
on their positions in the Hofmeister series, which promote weakened
hydrophobic interactions and higher hydroxide ion interference within
the hydrophobic F-selective membrane in aqueous medium. Lastly,
Fig. S2 presents real images of the spandex fluoride sensor- (A) during
attachment, (B) after attachment and (C) during detachment from the
garment (Note: We applied a silicone adhesive liquid underneath the
spandex substrate for attaching the sensor to the garment). It reflects the
facile attachment and detachment of the wearable spandex fluoride
sensor, which allows convenient removal and storage of these sensors
when not in use, along with rapid replacement of the sensor following an
alert for further confirmation of the presence of ambient G-type nerve
agents.
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3.5. Textile-based enzymatic biosensor performance: toward detecting G-
Type nerve agent simulant

Hydrolytic enzymes, particularly OPAA and OPH, have long been
investigated for the detection and decontamination of nerve agents (Li
et al., 2016a, 2016b; Simonian et al, 1999, 2001). It has thereby been
established that OPAA offers highly specific catalytic activity toward
fluorine-containing G-type nerve agents whereas, while OPH offers high
catalytic activity toward a broad spectrum of nerve agents including
common organophosphates (Simonian et al, 1999, 2001). Accordingly,
the use of an OPAA/F biosensor chip for the in vitro detection of the
G-type nerve-agent simulant DFP was described recently (Goud et al.,
2020). The structural similarity between DFP and fluorine-containing
G-type neurotoxins has made it a useful analogue for evaluating bio-
sensing technologies for these chemical warfare agents. Here, we
demonstrate the biosensing performance of enzyme-modified fluoride
textile sensors in DFP resulting from connection to its biocatalytic hy-
drolysis in the presence of immobilized OPAA and OPH enzymes. Details
of immobilization of the enzymes on the fluoride textile transducers are
given in the Supplementary Information. The influence of pH on the
Sn-based fluoride ionophore activity has been investigated in our pre-
vious work and the optimal fluoride response was found to be at pH 5.5.
However, to achieve a balance between the effective fluoride recogni-
tion and enzyme activities, we have selected pH 6.8 as the optimal pH
for DFP biosensing (Goud et al., 2020). Fig. 5A (left) displays the DFP
biosensing response for the OPAA-modified spandex fluoride sensors
(OPAA-F sensors) compared to the non-enzymatic fluoride response to
DFP (negative control), over a DFP concentration range of 250-2500
uM. The corresponding calibration plot is also presented (Fig. 5A, right).
A sensitive (25.11 pV/puM DFP) and nearly linear (R? = 0.987) response
to DFP was obtained with the OPAA-F textile sensor (E = —0.025 [DFP]
-+ 208.67 mV) compared to the negligible response observed for the
control sensor. Such sensitive DFP biosensing response benefits from the
high catalytic activity of OPAA toward DFP (Simonian et al., 2001).

DFP biosensing capability was also demonstrated by employing
OPH-modified spandex fluoride sensors (OPH-F sensors). Fig. 5B (left)
presents the DFP biosensing response for the OPH-F sensors along with
the non-enzymatic fluoride response to DFP (negative control), over the
DFP concentration range of 250-2750 pM. The corresponding calibra-
tion plot, presented in Fig. 5B (right) shows a sensitive (37.87 pV/pM
DFP) and linear (R? = 0.998) response to DFP with the OPH-F sensors (E
= —0.038 [DFP] + 180.71 mV), while a negligible response was
observed using the non-enzymatic fluoride sensor. Similar to that of the
OPAA-F sensor, the sensitive DFP biosensing response can be ascribed to
the high catalytic activity of OPH toward DFP (Simonian et al, 1999,
2001).

Finally, DFP biosensing experiments were performed with the OPAA-
F sensors and the OPH-F sensors using lower concentrations of 50-600
pM and 50-250 pM, respectively, to determine their respective LOQs
(Fig. S3). Based on the obtained results, LOQs of 200 uM and 50 pM of
DFP were obtained for the OPAA-F and OPH-F sensors, respectively.
Overall, the high sensitivity and impressive LOQs obtained with both
OPAA and OPH-modified spandex fluoride sensors signify the tremen-
dous potential for employing these wearable textile-based enzymatic
DFP biosensors in diverse military applications requiring the on-site
detection of fluorine-containing G-type nerve agents. Additionally, the
integration of a wearable potentiostat with these wearable textile-based
DFP biosensors, coupled via Bluetooth-enabled wireless interfacing to a
nearby smartphone, would enable the rapid and user-friendly field
detection of ambient fluorine-containing G-type nerve agents. This
would ultimately boost the efficiency of on-site threat mitigation by
military personnel, emergency reaction protocols and real-time wireless
data transmission to distant military surveillance bases (Chen et al.,
2019; Kirlikovali et al., 2020; Li et al., 2016a, 2016b).
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4. Conclusions

In this work, we have demonstrated the first example of a wearable
spandex textile-based solid-contact fluoride sensor. The realization of
the first wearable potentiometric fluoride sensor relied on the systematic
optimization of the working electrode including the-intermediate layer,
sensor design and sensor preconditioning parameters. The solid-contact
spandex fluoride sensor also exhibited high selectivity, reproducibility,
and reversibility. The introduction of an alternative CNT-COOH ion-to-
electron transducer layer further enhanced the performance with an
attractive near-Nernstian sensitivity along with a stable response.
Further attention to the printed ink materials and serpentine connecting
structures resulted in a superior mechanical resiliency toward severe
and repeated stretching and bending deformations. The performance of
the spandex fluoride potentiometric sensor enabled its translation into
enzymatic textile biosensors for detecting DFP, a common simulant of F-
containing G-type nerve agents. Such biosensing has been realized using
OPAA and OPH enzymes, with both enzymes offering facile biocatalytic
hydrolysis, thereby enabling the detection of DFP in connection to the
new flexible fluoride transducer. The resulting potentiometric bio-
sensors offer highly sensitive DFP detection. Special attention has been
given to the miniaturization of the entire textile-based sensor system
toward a user-friendly field operation in connection to a compact
potentiostatic interface and wireless signal transmission to a nearby
mobile device. Future efforts will evaluate and compare the sensitivity,
selectivity and speed of the two enzymatic biosensors toward timely
alert upon exposure to actual fluorine-containing G-type organophos-
phate neurotoxin warfare agents. These new wearable sensing capabil-
ities are expected to boost the efficiency of on-site threat mitigation
toward effective defense warning and countermeasures for protecting
soldiers and civilians against threat compounds.
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Fig. 5. Textile-based enzymatic biosensor
performance toward DFP detection. (A)
OPAA/F sensor performance over the con-
centration range of 250-2500 pM DFP solu-
tion. Adjacent graph presents the respective
calibration plot; error bars shown are based
on three independent measurements, n = 3,

RSD = 1.52%). (B) OPH/F sensor perfor-
mance over the concentration range of
250-2750 pM DFP solution. Adjacent graph
presents the obtained calibration plot; error
bars shown are based on three independent
measurements, n = 3, RSD = 1.93%. Ex-

: periments were carried out in MES (10 mM,
: pH6.8).
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