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ABSTRACT:

lon-selective electrodes (ISEs) are widely used in many industries, with recent research focusing on their
miniaturization by replacing the liquid filling solutions with solid-contacts. Solution-processing is the pre-
ferred method for preparing solid-contact ISEs (SC-ISEs) due to its ease and scalability. However, while
there are many solution-processable cationic SC-ISEs, this remains a challenge for anionic SC-ISEs due to
poorer compatibility with the solid-contacts. Many anionic SC-ISEs are still prepared by complex tech-
niques, such as electropolymerisation of the solid-contact. Thus, strategies for solution-processable solid-
contacts which can interface well with anionic ion-selective membrane (ISMs) are required. Here, we re-
port the fabrication of a fully-solution-processable chloride (Cl") SC-ISE by anion exchange of poly(3,4-
ethylenedioxythiophene)-polyethylene glycol (PEDOT-PEG) solid-contact before drop-casting the ISM. Sig-
nificant improvement in sensitivity was observed after PEDOT-PEG anion exchange, with the optimal SC-
ISE exhibiting near-Nernstian response (-53.3 = 0.5 mV/decade, versus —33.4 + 1.8 mV/decade for the un-
exchanged SC-ISE) across a wide dynamic range (0.05 M to 6.03 uM). Our SC-ISE also exhibited excellent
selectivity against phosphate (H,PO,"), bicarbonate (HCO;") and acetate (CH3;CO;") and could also be uti-
lized with minimal conditioning time and for prolonged usage. Finally, given the importance of Cl” sensing
in healthcare, we also demonstrated the potential of our C[” SC-ISE in sensing multiple synthetic biological
samples such as sweat, urine and blood, and real human sweat (forearm samples). This work not only
demonstrates the versatility of our anion exchange protocol, but also furthers the understanding of the dif-
ferent enhancement mechanisms - sensitivity or selectivity — depending on whether an ionophore was
present in the ISM. We showed that regardless of the mechanism, our simple and efficient protocol could
mitigate the issue of the original underperformance and can thus be readily extended to the scalable prep-
aration of multiple types of anion-selective SC-ISEs.

Keywords: ion-selective electrode, ion sensor, chloride, solid contact, conducting polymer, transduction
layer

Chloride (Cl") sensing is instrumental in various industries such as environmental monitoring, food safe-
ty and healthcare. In healthcare, chloride concentration in saliva and sweat is used as an essential bi-
omarker for the diagnosis of cystic fibrosis.[1-3] Blood and urine chloride levels can also be used as an
indicator for detection of hyperchloremia and hypochloremia, which signals disease relating to the kid-
neys,[4] heart,[5] or liver.[6,7] Given the clinical relevance of the C[" anion, several research groups have
developed potentiometric wearable sensors for sweat Cl” detection. Most of these sensors are based on
silver-silver chloride (Ag|AgCl) electrodes.[8-11] Although these electrodes are easy to fabricate, AgCl is
corrosive to the skin, and can easily tarnish in environments with low C[" concentration. In contrast, poly-
meric membrane-based ion-selective electrodes (ISEs) offer better skin compatibility and flexibility.[12,13]
Solid-contact ISEs (SC-ISEs) are the miniaturised, planar and all-solid-state progenies of traditional liquid-
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filled ISEs.[14,15] They have been widely integrated into wearables in recent years due to their conven-
ience, low cost, and quick analysis time.[16,17] While there are many cationic SC-ISEs such as potassium
[18-20] and calcium,[16,19] anionic SC-ISEs are less common, presumably due to poorer compatibility
with the solid-contacts.[21,22] Of the limited examples of ClI” SC-ISEs,[23-28] almost all require tedious
processes such as electropolymerisation[29] or interfacial polymerisation for fabrication of the solid-
contact.

Solution-processing is currently the method of choice for preparing SC-ISEs due to its ease and scalabil-
ity.[15] In our recent work, we reported fully solution-processable nitrate (NO3”) SC-ISEs,[22,30] fabricated
simply by drop-casting poly(3,4-ethylenedioxythiophene)-polyethylene glycol (PEDOT-PEG) onto the elec-
trode, followed by anion exchange, and finally drop-casting of the ion-selective membrane (ISM). Electro-
chemical and spectroscopic investigations showed that the PEDOT-PEG:CIO, dispersion (Sigma-Aldrich)
contained excessive amounts of perchlorate (ClO,") dopant, which hindered the transport of NO;™ anions.
The ion exchange protocol replaced the ClO,~ dopant of PEDOT-PEG with NO;™ anion, eliminating the addi-
tional diffusion-limited resistance, resulting in enhanced selectivity performance.

Herein, to demonstrate further the advantages of our newly reported protocol, we focused on the fabri-
cation of CI” SC-ISEs. Unexpectedly, we found that the dopant species had a direct effect on the sensitivi-
ty of the Cl” SC-ISE, with the anion exchange step necessary to achieve a near-Nernstian response towards
Cl and elucidated the different mechanisms of enhancement. Additionally, as both the ISM and the solid-
contact of the SC-ISE contained the Cl” anion, it could be used with minimal conditioning, which saves
preparation time. Finally, we demonstrated the potential healthcare applications for these all-solid-state
Cl SC-ISEs using various synthetic and real human samples.

MATERIALS AND METHODS

Materials. PEDOT-PEG, 0.8 wt% dispersion in propylene carbonate (contains ClO, as dopant, PEDOT-
PEG:ClO,4), high molecular weight poly(vinyl chloride) (PVC), chloride ionophore IV (5-bis-[N-
(butyl)thioureido]-2,7-di-tert-butyl-9,9-dimethylxanthene), tridodecylmethylammonium chloride
(TDMAC!), 1-(2-nitrophenoxy)octane (NPOE) and tetrahydrofuran (THF) were purchased from Sigma-
Aldrich. 2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulfonic acid (HEPES buffer) and L-histidine were pur-
chased from TCI Chemicals. All other reagents were of the highest commercially available purity and were
used as received. Aqueous solutions of salt and buffer were prepared with ultrapure water (18.2 MQ) ob-
tained from a PURELAB Option-Q water system. All solutions were prepared as 1M stock and used for seri-
al dilution to prepare working standards; 1M HEPES buffer was prepared and used as-is without further pH
adjustments. Carbon (C110) screen-printed electrodes (SPEs) were purchased from Metrohm Dropsens
and were used as received.

Preparation of Cl” SC-ISE. Commercially sourced PEDOT-PEG:CIO, dispersion was subjected to 30 min
of agitation prior to use. 3 pL of PEDOT-PEG:CI(O, was drop-casted onto the working electrode of C110
SPEs and dried at 60 °C for 30 min. The PEDOT-PEG:CIO, -coated SPEs were immersed in 0.1 M solutions
of potassium chloride (KCI) for 3 days for ion exchange. Thereafter, the SPEs were removed, rinsed with DI
water and dried under vacuum overnight. ISM cocktail was prepared by dissolving chloride ionophore IV
(1.0 mg), TDMACI! (0.5 mg), PVC (32.9 mg), and NPOE (65.9 mg) in THF (1 mL) for the optimal composition
(C1). 10 pL of ISM was drop-casted onto the chloride-doped PEDOT-PEG SPEs and dried overnight at am-
bient temperature, followed by drying under vacuum for 4 h. The SC-ISEs were then conditioned in 1 mM
KCl solution overnight prior to use. In the case of non-conditioned use (C5), SC-ISEs were used as-is after
drying with the omission of the overnight conditioning.

X-ray Photoelectron Spectroscopy (XPS). XPS analysis was performed using a Thermo Scientific Theta
Probe XPS system with monochromatic Al Ka X-ray source (hv = 1486.7 eV) at 400 um spot size. Photoelec-
trons were collected at a take-off angle of 50° with respect to surface normal. Wide scan spectra were ac-
quired with pass energy of 200 eV and step size of 1 eV. Fine scans of C 1s, N 1s, S 2p and Cl 2p were ac-
quired with pass energy of 40 eV at 0.1 eV step size. Combined electron/ion flooding was used for charge
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compensation and further charge shift correction was done based on the C-C peak of C 1s at 284.8 eV.
Raman spectroscopy. Raman spectroscopy was performed using Renishaw inVia confocal Raman micro-
scope with laser wavelength 532 nm at 50x magnification and 2400 g/mm grating. The spectra were ac-
quired at 10 s acquisition time for 1 accumulation.

Cyclic voltammetry (CV). Measurements were performed at room temperature using a Dropsens Po-
tentiostat (DRP-STAT8000, Metrohm Dropsens) in a 3-electrode setup having Ag|AgCLl|3M KCL|1M LiOAc as
the reference electrode, and platinum sheet as the counter electrode. All potentiometric measurements
were performed in triplicate. The cyclic voltammagrams of PEDOT-PEG solid contacts were measured be-
tween-1.0Vand +1.0V, scanrate v=0.05V s™, in 0.1 M KCI solution.

Open circuit potentiometry. Measurements were performed at room temperature using a Dropsens Po-
tentiostat (DRP-STAT8000, Metrohm Dropsens) in a 2-electrode setup with a Ag|AgCl|3M KCL|1M LiOAc ref-
erence electrode. Three replicates of each SC-ISE were tested. The sensitivity and limit of detection of the
electrode were evaluated by measuring the open circuit potential in KCl solutions with concentration rang-
ing from 1 nM to 0.1 M. Selectivity coefficients were evaluated using the fixed interference method
(FIM).[31-33] See ESI for more details. Current reversal chronopotentiometry. Chronopotentiometry was
performed using a 3-electrode setup in 1 mM aqueous KCL. A current (+ 10 nA) was applied to the working
electrode, first positive current for 60 s, followed by negative current for 60 s, while the electrode potential
was continuously recorded. Electrochemical Impedance Spectroscopy (EIS). EIS measurements were
performed at room temperature using an Autolab Potentiostat (PGSTAT30, Metrohm Autolab). Nyquist
plots were collected in the frequency range of 100 kHz to 1 mHz with a sinusoidal voltage signal of 100 mV.
A 3-electrode setup in 1 mM aqueous KCl was used. All impedance spectra were fitted to equivalent cir-
cuits using the EIS Spectrum Analyser.

Cl Quantitation in synthetic samples. Artificial sweat was prepared following ISO-3160-2-2015, artifi-
cial urine was prepared following formulation reported by Khan et al.[34] and artificial blood serum was
prepared following ISO-10993-15-2000. Real sweat sample testing. Real human sweat (forearm samples)
was collected from healthy volunteers using 3M Tegaderm +Pad and extracted from the dressing film
through a syringe. Four pieces of Tegaderm +Pad were attached onto the forearm of volunteers who then
exercised for 1-hour. Only sweat which was collected in the dressing films was sampled to avoid any po-
tential contamination (e.g. from clothing etc.). Subsequently, sweat samples collected were diluted 10 or
100 times with 0.1 M HEPES buffer (pH 6.8). In the case of quantitative analysis of buffered samples, the
SC-ISEs were calibrated using buffered KC! solution between the range of 0.1 M to 1 mM. Anionic concen-
trations were used instead of activities as it is difficult to estimate activity coefficients in zwitterionic buff-
ers.

RESULTS

Characterisation of Cl"-doped PEDOT-PEG solid-contact. To begin the investigation, PEDOT-PEG sol-
id-contact was first prepared using commercially sourced PEDOT-PEG:ClO, dispersion with ClO,™ anionic
dopant. Various studies have shown that the doping species and level in PEDOT solid-contact can affect
the properties of the fabricated solid-contact[35-37] as well as SC-ISE performance.[38,39] We have also
shown previously in our work on potentiometric ISE that re-doping PEDOT-PEG:C(O, solid-contact with the
primary analyte enhanced the performance of a NO;~ SC-ISE.[22] To this end, screen-printed electrode
with PEDOT-PEG solid-contact was immersed in 0.1 M KCl for three days to prepare Cl"-doped PEDOT-PEG
solid-contact (PEDOT-PEG:CI) for subsequent fabrication of CI” SC-ISE. OCP monitoring was performed
over 77 h to monitor the anion exchange process; stabilisation of the potential was observed between 60-
77 h (Figure S1), indicating that ion exchange was completed. Water contact angle measurements (WCA)
of 52.3° + 1.9° and 48.6° = 1.5° respectively indicate that the solid-contacts also have similar lipophilicities
(Figure S2). Although these WCA values are small compared to some of the hydrophobic PEDOT-based sol-
id-contacts reported,[38,40,41] Lindner and co-workers had previously established that they are still suffi-
cient for use as a stable solid-contact.[42] Additionally, scanning electron microscopy showed that the

3



morphology of the anion-exchanged PEDOT-PEG:C!( was structurally similar to its PEDOT-PEG:C(O, pre-
cursor (Figure S3). Overall, these experiments suggest that no significant structural changes had occurred
during anion exchange.

To better understand the performance of our SC-ISEs, a combined analysis of XPS, Raman spectroscopy
and CV was performed to characterize the dopant level in the PEDOT-PEG solid-contacts. Using XPS, it
was possible to validate the dopant species and level in the PEDOT-PEG solid-contact after the ion ex-
change process. The XPS wide scan (Figure S4a) indicated the presence of C, O, C[, and S elements, which
is expected of Cl"-doped PEDOT-PEG solid-contact. From the Cl 2p fine scan (Figure 1a), the disappear-
ance of the characteristic doublet at ca. 207.5 eV (2ps2) and 209 eV (2p./;) ascribed to the original ClO,
dopant and the appearance of new characteristic doublet at ca. 196.7 eV (2ps2) and 198 eV (2p1/2) ascribed
to new Cl” dopant is indicative of the successful preparation of PEDOT-PEG:CI. Furthermore, a comparison
of the S 2p fine scan (Figure S4b) of the PEDOT-PEG:ClO,4 and the PEDOT-PEG:CI( showed that the ion ex-
change protocol did not alter the structure of the thiophene rings within the PEDOT chain in the solid-
contact.
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Figure 1. (a) XPS CI( 2p fine scan of PEDOT-PEG solid-contacts; (b) normalized Raman spectra (532 nm) of PEDOT-
PEG solid-contacts.

Raman spectroscopy was performed to differentiate the doping levels in PEDOT-PEG:Cl and PEDOT-
PEG:ClO, (Figure 1b). The thiophene moieties in the PEDOT chains exist as a mixture of undoped benzoid
(semi-conductive) and doped quinoid (conductive) forms with different electronic states.[43-45] Undoped
polythiophene exhibits a stronger absorption band at lower wavelength compared to its doped counter-
part, which enhances its Raman peak corresponding to the quinoid resonant form when excited by a 532
nm laser beam.[45] Since the structure and the number of oxyethylene rings of PEDQOT is not affected by
dopant species and doping levels, the Raman spectra can be normalized to the peak at 990 cm™ which
corresponds to the oxyethylene ring deformation. This allows a simple comparison of the spectra around
the strongest absorption band (ca. 1300 — 1500 cm™) which corresponds to the symmetric C,=C; stretch-
ing mode of the PEDOT thiophene ring.[43-48] An increase in the intensity of the peaks at 1368 and 1437
cm™ indicated that the undoped benzoid form is the dominant species in PEDOT-PEG:C[ as compared to
the PEDOT-PEG:CIO,. Hence, the Raman results suggest that the dopant level in the Cl"-doped PEDOT-
PEG solid-contact is lower compared to its ClO, -doped counterpart, which is expected as ClO, is a strong
dopant.[36] These results are also in alignment with the XPS estimates of dopant concentrations which in-
dicate that the ClO,” dopant was present in higher atomic percentage in the PEDOT-PEG:CIO, solid-
contact as compared with C[" anion in its corresponding PEDOT-PEG solid-contact (Table S1). CV experi-
ments (Figures S5-S6) also demonstrated that PEDOT-PEG:C! had a lower oxidation potential and higher
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capacitance than PEDOT-PEG:CI(O,, indicating that the former is less doped and hence more easily oxi-
dised.[49]

Potentiometric measurements of Cl” SC-ISEs. Having evidenced that the ion exchange was success-
fully performed, Cl" ISM was drop-casted to fabricate CI” SC-ISE C1 (Table 1). Open-circuit potential
measurements were performed in unbuffered KCl solutions between 0.1 M to 1 nM to evaluate the sensitiv-
ity of SC-ISE C1 towards the Cl™ anion (Figure 2a, Table 1). Selectivity coefficients for dihydrogen phos-
phate (H.PO,), hydrogen carbonate (HCO;"), acetate (CH;COQO™), NO;™ and bromide (Br”) ion were deter-
mined using the fixed interference method (FIM) to mimic actual samples containing both primary and in-
terfering ions.[32,33,50] C1 exhibited a near-Nernstian response (-53.3 = 0.5 mV/decade) towards the Cl°
anion with selectivity performances comparable to previously reported work (Figure 2d, Table S2).[51]

Table 1. Sensitivity and detection limit (LOD) of Cl' SC-ISEs investigated (n = 3)

SC-ISE lonophore wt% PEDOT-PEG dopant sensitivity/ mV dec™ LOD / log10(ac/ M)
c1tl 1 cr -53.3+0.5 -5.22+0.05
c2@ 3 cr -51.7+2.2 -5.01+0.08
c3e 5 cr -51.4%+1.6 -4.95 % 0.07
Cc4t 1 Clo,~ -33.4+1.8 -4.46+0.28
C5Ml 1 cr -51.4+0.9 -5.06+0.11

[a] SC-ISEs were conditioned for 16 h in 1 mM KCl prior to use; [b] SC-ISEs were not conditioned prior to use.

Further studies were conducted to optimize the membrane composition for Cl” selectivity against more
chaotropic ions (NO3™ and Br7). Studies by Meier et al. and Eugster et al. have established, theoretically and
experimentally, that for monovalent anion with 1:1 binding stoichiometry, 50 mol% of anion exchanger with
respect to the amount of ionophore is the ideal composition.[52,53] Hence, for the bis-thiourea ionophore
used in this study, the focus was placed on optimizing the weight percentage (wt%) of ionophore used in
the Cl” SC-ISE. The potentiometric response towards Cl” and potential anionic interferences were evaluat-
ed for SC-ISEs containing 1, 3 or 5 wt% ionophore in the ISM with 50 mol% TDMACI! as anionic exchanger
(Table 1, Figure S7). Our results indicate that higher wt% ionophore resulted in slight deterioration of both
sensitivity slope and limit of detection; the chloride SC-ISE with higher wt% ionophore also suffered from
hysteresis. Furthermore, while the results suggest that increasing the wt% of ionophore could potentially
lead to an improvement in selectivity for more chaotropic anions (NO;™ and Br™), the overall deterioration of
selectivity for more kosmotropic anions (H,PO,~, HCO;™ and CH;CO;") rendered the marginal improvement
insignificant (Figure 2d, Table S2). Thus, C1 with 1 wt% of ionophore was determined to be the optimal SC-
ISE with good reproducibility between replicates (Figure S8) and the following selectivity coefficients log(K)
were obtained by FIM: -3.78 for H,PO,~; -1.55 for HCO;™; —1.98 for CH;COO™; +0.52 for NO;™ and +0.59 for
Br.

As a control to demonstrate the performance enhancement from the ion exchange protocol, C4 was
prepared by drop-casting the optimal ISM formulation containing 1 wt% ionophore with 50 mol% TDMAC!
onto the original PEDOT-PEG:C!O, solid-contact without ion exchange and similarly tested for its sensitivity
and selectivity performance (Figure 2b). To our surprise, C4 exhibited poor sub-Nernstian slope (-33.4 +
1.8 mV/decade) which was not observed previously for the NO3;™ SC-ISE.[22] To further confirm the impact
of anion exchange on SC-ISE performance, Cl” SC-ISE CV1 was fabricated from the solid-contacts which
had undergone electrochemical anion exchange via successive CV cycles in KCl. CV1 also exhibited im-
proved sensitivity (—48.8 = 2.4 mV/decade, Figure S9) towards KCI(, confirming that the exchange of dopant,
regardless of the method, was responsible for improved performance. Additionally, a coated wire electrode
(CWE C)), in which ISM was coated directly onto the carbon electrode, exhibited near-Nernstian sensitivity



(-52.3 = 0.2 mV/decade, Figure S10), suggesting that the original PEDOT-PEG:CIO, solid-contact was in-
compatible ina C[l ISE.

Unexpectedly, the selectivity of SC-ISE C4 appeared to be similar to C1 (Figure 2d, Table S2), with the ex-
ception of H,PO, selectivity, which could not be accurately determined due to the sub-Nernstian slope.
The difference in H,PO,4~ selectivity could be observed in the aqueous layer test [33,54] performed for C1
and C4 (Figure S12). Both SC-ISEs did not exhibit any aqueous layer, with < 3 mV hysteresis in EMF upon
returning to the 0.1 M KCl solution despite the relatively small WCA.[42] However, a much larger potential
change was observed for C1 when the solution was changed from 0.1 M KCl! (primary ion) to 0.1 M KH,PO,
(interfering ion) and back, corroborating the superior selectivity performance of C1. Additionally, C1 exhib-
ited less long-term potential drift compared to C4.
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Figure 2. Potentiometric response of (a) C1; (b) C4; (c) C5 toward C[" anion in pure (black) and mixed solutions
containing fixed amounts of interfering ions; and (d) comparison of the potentiometric selectivity coefficients (logoK)
of Cl” SC-ISE C1 to C5 against various interfering ions determined by FIM.

Table 2. Potentiometric response of C1 after soaking in 0.1 M KCl for 28 days. (n = 2)

Day 0 Day 1 Day 4 Day 7 Day 11 Day 15 Day 21 Day 28

Sensitivity/
mV dec- 53.2+19 524+0.8 51.8+0.4 51.6+0.0 51.2+0.1 50.3+*0.6 48.2+0.1 44.2%0.0




This difference in potential drift was also observable in the short-term using current reversal chronopo-
tentiometry (Figure S14, Table $3).[20,55] The short-term potential drift was determined after the current
polarity change and used to estimate the low-frequency capacitance (C.f) of C1 and C4 via the equation E/
t = i/Cir. The results show that C1 exhibited lower drift (196.1 pV s™), thus higher capacitance (51 pF) as
compared to C4. This indicates that PEDOT-PEG:C! dopant is a more stable ion-to-electron transducer.

Additionally, lifespan testing was performed by continuous immersion of C1 in 0.1 M KCl for a period of
28 days to simulate continuous usage (Table 2, Figure S13). All Cl" SC-ISEs were kept dry for a minimum of
8 days before OCP measurement. C1 was able to retain its sensitivity within £5 mV/decade (48.2 = 0.1
mv/decade) after a period of 21 days in 0.1 M KCl, indicating good stability for prolonged usage within this
period. When tested on Day 28, significant deterioration of the sensitivity performance of C1’s perfor-
mance was observed, indicating that it should not be used continuously for more than 21 days.

Circumventing conditioning time of CI” SC-ISE. Most ISEs require a conditioning step before each
use.[56] During conditioning, the ISM is allowed to pre-equilibrate in a solution of the primary ion via iono-
phore-ion complexation. This process is crucial to achieve a constant primary ion activity within the ISM so
that transmembrane ion fluxes are minimised and a Nernstian response could be obtained. Conditioning
protocols can take between 12 to 72 hours, rendering most existing ISEs impossible to be used instanta-
neously. Hence, a readily usable SC-ISE is of great relevance and interest today.[57,58]

Rich et al. and Armas et al. have previously shown that by pre-loading the ISM formulation with the pri-
mary ion, the traditional requirement for ISE conditioning can be circumvented.[57,59] Since our optimal
SC-ISE C1 contains the Cl” anion in both the ISM and the PEDOT-PEG solid-contact, we hypothesized that
it could also be used similarly. To this end, SC-ISE C5 (with same composition as C1) was fabricated and
evaluated without prior conditioning before use. Gratifying, C5 performed well with comparable selectivity
to C1, albeit with slightly deteriorated slope (Figure 2c, Table 1). This omission of the lengthy conditioning
protocol allows a significant reduction in the operational ready time of the SC-ISE and simplifies its opera-
tion.

Electrochemical Investigation of Cl” SC-ISEs. To investigate the origin of the difference in sensitivity
performances, EIS was performed on CWE Cl and SC-ISEs C4 and C1 (Figures 3a-c respectively). Unlike
current reversal chronopotentiometry, the frequency sweep offered by EIS enabled us to fully characterize
the impedance response of the electrodes. For all Nyquist plots, the high frequency semicircle is attributed
to the bulk resistance of membrane (R1). This was reasonably concluded from a series of experiments
where the thickness of the membrane layer was modified.

Both CWE Cl and C1 exhibited a depressed semicircle (R1CPE1) with a smaller n value (Table S4) com-
pared to C4, indicating non-ideal capacitance, albeit with larger magnitude of the constant phase element
(CPE).[60] This suggests good overlap between the ISM and transduction layer - either the carbon elec-
trode for CWE Cl or the PEDOT-PEG:C! solid-contact for C1.[14,61] At lower frequency, the Nyquist plot for
C1 only features a 45° line (fitted as CPE2 with n = 0.46), indicating that PEDOT-PEG:Cl is an effective ion-
to-electron transducer with minimal charge transfer resistance at the interface. In contrast, a semicircle
was observed for both CWE Cl and C4, with charge transfer resistance (R2) of ca. 110 kQ for CWE Cl and
even larger at ca. 1268 kQ for C4. This indicates blocked transduction when PEDOT-PEG:C(O, is used as a
solid-contact in C4, resulting in poor sensitivity of the SC-ISE (Figure 2b).[62-64] This finding was unex-
pected as it contradicts our previous work,[22] in which the NO3;~ SC-ISE with PEDOT-PEG:CIO, solid-
contact exhibited low charge transfer resistance and good sensitivity, but poor selectivity (Figures S15-
S16).
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amplitude potential: 100 mV; solution: 1 mM KCl.



Anion dopant exchange: Does it affect sensitivity or selectivity? We hypothesised that the differ-
ences between the Cl” and NO;~ SC-ISEs may be attributed to the addition of ionophore in the ISM in this
work, which restricts movement of the ClO, anions out of the solid-contact. Indeed, XPS confirmed that
no ClO4 anion was present in the Cl 2p fine scan of the ISM surface of C1 and C4. In contrast, the charac-
teristic doublet ascribed to ClO,™ at ca. 207.5 eV (2ps2) and 209 eV (2p1,2) was present in the ISM surface of
the NO;™ SC-ISE we previously reported with PEDOT-PEG:CIO, solid-contact (Figure $S17).[22] In addition,
while Raman analysis demonstrated that the bare PEDOT-PEG:C(O, solid-contact was more heavily doped
than its anion-exchanged PEDOT-PEG:C!( counterpart (Figure 1b), analysis of the PEDOT-PEG layer in the
SC-ISEs showed that the NO3;™ SC-ISE with PEDOT-PEG:ClO, solid-contact exhibited lower doping levels
similar to C1 instead of the high doping levels still observed in C4 (Figure S18). Together, these findings
suggest that the excess ClO,” anions could migrate from the PEDOT-PEG layer into the ISM when only lipo-
philic salt was present, while the presence of ionophore in C4 may prevent this migration.

This information can be put together with the potentiometric and EIS data to potentially explain the dif-
ferent mechanisms of performance enhancement via PEDOT-PEG anion exchange. In both C4 and the
NOs-ISE with the original ClO,-doped solid-contact, there initially was a huge excess of ClO,” anions in the
PEDOT-PEG:CI(O, layer, which was observed by XPS (Table S1) and Raman spectroscopy (Figure 1b). For
C4, the presence of chloride ionophore prevents partitioning of ClO,™ into the ISM (Figure S17), thus the
excess ClO, remained immobilised in the solid-contact (Figure S18). This restricts doping of PEDOT-PEG
by Cl” anions in the ISM, leading to blocked transduction (Figure 4a),[62-64] which was observed in the EIS
(Figure 3b) as resistance R2. While this is known for anion-selective membranes with PEDOT:poly(styrene
sulfonate) (PSS) due to the bulky, immobile PSS anion, this finding is more surprising for molecular anions
as they are expected to be mobile.[62,63] In potentiometric measurements, this was manifested as low
sensitivity to changes in solution Cl” concentration (Figure 2b). In contrast, when the dopant and analyte
anion are mobile and identical, such as in C1, the analyte anion in the ISM can equilibrate with the solution
and dope PEDOT-PEG with ease (Figure 4b), enabling good sensitivity and selectivity (Figure 2a).

(a) (b) (©)
i Cl i i (NO,)
bulk solution (KCI) bulk solution (KCl) Cl bulk solution (KNO,) " Limited
‘I ‘f l equilibration

| N | i
N o Chloride > ) NN
ClLISM  Blocked ] @[ \TEMA ctism lonophore (C[ TDMﬁ NO; ISM \TD_Dé 'NE)3 QDDAD
transduction I I — t
* N | ﬂ {
PEDOT — PEDOT* PEDOT — PEDOT* _. (Cl PEDOT — PEDOT* _. OR
e~ | CL Y Clop

N

/ 7
Figure 4. Schematics showing ion movements in anion SC-ISEs with PEDOT-PEG solid-contact for (a) C4, (b) C1 and
(c) NOs™ ISM coated on PEDOT-PEG solid-contact with ClO,” dopant. (a) The presence of ionophore in C4 prevented
movement of ClO,” into the ISM and hindered the entry of Cl” into the PEDOT-PEG solid-contact, hence resulting in
blocked transduction; (b) Cl” can equilibrate with solution and dope the solid-contact, thus enabling C1 to exhibit
good sensitivity and selectivity; (c) The absence of ionophore allowed CIlO,” to migrate into the ISM, NO3;™ can dope
the solid-contact but selectivity is poor due to presence of interfering ClO,”. The composition of the ISM matrices
have been simplified for clarity of presentation; for full composition please refer to experimental section. ISM = ion-
selective membrane; PEDOT = poly(3,4-ethylenedioxythiophene), TDMA = tridodecylmethylammonium, TDDA =
tetradodecylammonium.

In the NO;~ SC-ISE with the original ClO,-doped solid-contact, the absence of ionophore enabled ex-
cess ClO4 anions to migrate into the ISM (Figure S17) and lowered the doping level of PEDOT-PEG (Figure
S18). This allows doping of PEDOT-PEG by either NO3s™ or ClO,4~ anions, thus no impediment to sensitivity
was observed (Figure 4c). However, equilibration of NO3;™ with the solution is limited due to presence of
ClO,4 anions in the ISM (Figure S17) coordinating to the cationic lipophilic additive. This diffusion-limiting
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resistance (R3) was observed in the EIS (Figure S16) and in potentiometric measurements was manifested
as poor selectivity (Figure S15).[22] Thus, when NOj3™ replaced ClO, as anionic dopant in the PEDOT-PEG
solid-contact, selectivity was significantly improved.

Although our findings appeared contradictory at first glance, the combination of analytical techniques
enabled a deeper understanding of the different mechanisms of performance enhancement. This can be
applied broadly to the development of anion-selective SC-ISEs utilising conducting polymers as solid-
contacts.

Determination of Cl” in Samples of Biological Relevance. The foremost important evaluation of every
newly developed sensor is its applicability to real sample analysis.[65] Chloride determination is of great
clinical significance as it is an important biomarker that is used to diagnose a variety of medical diseases.
[1-7] Particularly, cystic fibrosis (CF) is a genetic disorder that affects the ability of the body to regulate
movement of water and salt in and out of cells, consequently resulting in accumulation of thick mucus
within the body’s tubes and passageways that can cause recurrent infections. When left untreated, cystic
fibrosis would result in severe damage to the lungs along with other organs in the body. Currently, CF is di-
agnosed by a sweat test, in which sweat is collected and sent to a laboratory for determination of chloride
levels.[1-3] Clinically, chloride quantification is conducted using techniques such as anion chromatog-
raphy or coulometric titration. [66] While these methods are highly accurate and precise, they typically
have a large footprint and require sample pretreatment or chemical derivatization which make them un-
suitable for on-site testing. Hence, an alternative analytical method that is rapid, simple, and cost- effec-
tive is highly desirable. To this end, the feasibility of the SC-ISE C1 for the determination of chloride con-
centration in physiological samples were investigated using artificially prepared human samples (sweat,
urine and blood serum) and real human sweat.

As pH varies across physiological samples, a pH test was first performed to determine the pH sensitivity
of C1 (Figure S11). The operational pH range, in which the potential change of C1 did not exceed 5 mV,
was ca. 4 — 7.5. Due to the limited operational pH range, it was necessary to buffer the physiological sam-
ples to ensure accurate quantification; 0.1 M HEPES buffer was thus chosen as previously reported by Xiao
et al.[51] For consistency, a 1 M stock solution of HEPES buffer (pH 6.8) was prepared and used as-is to
perform a 10-times dilution for all artificial physiological samples. To verify the accuracy of chloride quanti-
fication, samples with higher chloride concentration (urine and blood serum) were also prepared in 100-
times dilution.

Table 3. Quantification performance of Cl” SC-ISE C1

Sample Expected stock concentration / mM Measured stock concentration / mM

synthetic samples

sweat 10x diluted!® 85.8 86.1=0.4
urine 10x diluted™ 130.6+0.8
urine 100x diluted™ 1999 140.1 £ 2.1
blood 10x diluted!® 119.8+ 1.1
blood 100x diluted! 1256 129.0£2.6
real sample

sweat 10x diluted 67.1M 73.0+1.3

[a] artificial sweat prepared following 1ISO-3160-2-2015; [b] artificial urine prepared following formulation report by
Khan et al.[34]; [c] artificial blood serum prepared following 1SO-10993-15-2000; [d] determined through anion
chromatography.

The determination of chloride concentrations was performed in triplicate using three separate C1 SC-
ISEs. For each replicate, a standard calibration was performed using HEPES-buffered solutions of KCl
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(concentration range between 0.1 M to 0.5 mM) before immersion into HEPES-buffered samples. Our re-
sults showed that C1 was able to determine the chloride concentration of the HEPES-buffered synthetic
physiological samples in good agreement with the expected value with less than + 2% deviation on the log-
arithmic scale (Table 3).

To further demonstrate the real-world applicability of our sensors, real human sweat (forearm samples)
was collected from healthy volunteers using 3M Tegaderm +Pad and similarly tested (Figure S19). Our sen-
sor measurements were in good agreement with the expected value obtained from anion chromatography
with less than * 3.1 % deviation on the logarithmic scale (Table 3).

CONCLUSION

In summary, we have developed a solution-printable chloride-selective SC-ISE via a simple ion exchange
protocol. Sensitivity of the SC-ISE was significantly improved by anion exchange, as evidenced by XPS and
potentiometric measurements. The best-performing SC-ISE, C1, exhibited near-Nernstian response (-53.3
+ 0.5 mV/decade) with a wide dynamic range (0.05 M to 6.03 uM) and long-term potential stability as shown
by the aqueous layer test. EIS studies showed that the anion exchange step was necessary to eliminate the
blocked transduction arising from the excess ClO, ions in the original PEDOT-PEG solid-contact, which
led to a significant decrease in charge transfer resistance and thus improved chloride sensitivity. We fur-
ther demonstrated that the same anion exchange step could enhance the performance of anion SC-ISEs
via different mechanisms - sensitivity or selectivity — depending on whether an ionophore was present in
the ISM, increasing the scope and versatility of our protocol.[22,30]

Table 4. Comparison of reported Cl” SC-ISEs

Solid- Synthesis of lono- Lipophilic Sensi- LOD log1o log1o log1o
. .. Ref
contact [?! solid-contact phore [ Salt tivity fel Keycos  Keynos Kei,ar
Electrochemical -57.9+ i +1.7 % +1.0% +1.1 %
PEDOT:CL™ polymerization [ ) ) 0.1 0% oo 0.1 0.1 [23]"
. Electrochemical -62.7 = 39 1.2  +20x +16% e
PEDOT:CI polymerization TOMA-CL 0.1 10 0.6 0.1 0.1 [23]
PPy:CI Electrochemical ) MTAA-Cl -48.4% 1047  N.D. I N.D. 1 N.D. 1 [24]®
polymerisation td] 0.7
POT Drop-cast - TDMA-C! _416‘19 * qo%0 '10‘6;* %‘2) * +10“: * [25)®
Interfacial Chloride
PANINFs:Cl . . -61.3 N.D.
Mwen  Pewmerization jono-  TDMA-CL T C o -48 -4 -16  [26]®
+ drop-cast phore Il
. . Chloride
Nanowire  Electrochemical | " tpya o 581 1050  -45  -0.8  +0.8  [27]®
PEDOT:Cl polymerization phore Ill
. Chloride
P@:g" Eleg:sggfi’;:al iono-  TDMA-Cl  -52.2 10%° -19  -0.1 +0.2  [28]™
2
phore IV
L Chloride
Liquid-filled N.A. iono-  TDMA-Cl  °40% 1gs2  _opm 4070 4040  [51]
ISE phore IV 1.0
PEDOT-  Drop-castwith C?c:ﬁgf’e oMac  533% qgsa  T18%  05=  +06%  this
PEG:Cl! ion exchange 0.5 0.1 0.1 0.1 work
phore IV

[a] PEDOT = poly(3,4-ethylenedioxythiophene); PANINFs-Cl = chloride-doped polyaniline nanofibers; MWCNT =
multiwalled carbon nanotubes; PAAm = poly(allylamine); PPy-Cl = chloride-doped poly(pyrrole) films, POT = poly(3-
octylthiophene); [b] PEDOT:Cl was used directly as the sensing membrane; [c] Chloride ionophore Il = 3,6-
didodecyloxy-4,5-dimethyl-o-phenylene-bis(mercury  chloride), Chloride ionophore IV = 4,5-bis-[N-
(butyl)thioureido]-2,7-di-tert-butyl-9,9-dimethylxanthene; [d] MMTA-CI = methyl tri-n-tetradecylammonium chlo-
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ride; [e] LOD = limit of detection; [f] N.D. = not determined. Selectivity coefficients were determined using [g] SSM,
[h] FIM, or the matched potential method (MPM) for chloride concentration from [i] 10 to 107, or [j] 102** to 10

2.04

In comparison to other recently reported chloride-selective SC-ISEs (Table 4), our chloride-selective SC-
ISEs demonstrated better detection range and comparable sensitivity. While the selectivity of our chloride
SC-ISE seems modest, it is comparable to other ISEs using the same ionophore (Chloride ionophore
IV),[28] which is safer than the mercury-containing Chloride ionophore lll, which can be toxic to both the
user and the environment.[23,26,27] Additionally, the selectivity of our SC-ISEs were tested via FIM, which
is more indicative of real samples than the more commonly used separate solution method (SSM). Note-
worthy, potentiometric studies demonstrated that our chloride-selective SC-ISE could be used with a short
conditioning period prior to measurement, enhancing ISM pretreatment efficiency. Lifespan studies also
demonstrated that our chloride-selective SC-ISE could maintain its sensitivity within +5 mv/decade (48.2
0.1 mV/decade) under prolonged usage of up to 21 days.

Finally, we demonstrated the applicability of our chloride-selective SC-ISE in health monitoring by de-
termining chloride concentration in real human sweat samples with good reproducibility and accuracy.
Furthermore, we also demonstrated the potential applications to other types of biological samples through
accurate chloride quantification in synthetic urine and blood samples. Apart from solution-processability,
our chloride-selective SC-ISE also offers improved sensitivity and fabrication efficiency, which will greatly
benefit its utilization for on-site applications such as environmental, food safety and healthcare monitor-

ing.
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