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ABSTRACT 

The detection and quantification of Cs+ in aquatic media are an environmental safety and public health 

matter, so far limited by the lack of rapid, low cost, low limit of detection and selective analytical tools. 

Herein we demonstrate the efficient fabrication of a novel electrolyte-gated organic field-effect transistor 

sensor for the Cs+ detection in seawater based on the combination of two ultra-thin layers namely poly(3-

hexylthiophene) as semiconductor and a single lipids monolayer as dielectric. The latter is end-capped with 

a specific Cs+ probe based on a calix[4]arene benzocrown ether to ensure the selectivity. Interestingly, we 

clearly evidence that by controlling affinity driven guest/host ion exchange, one can lift the general problem 

of selectivity encountered in all FET-based ion sensors, reaching a nearly perfect selectivity even in highly 

complex analyte solutions containing competitive ions, such as phosphate buffered saline solution or 

seawater. Such ultra-thin transistor structure exhibits, a limit of detection at the sub-femtomolar level 

which corresponds to a 5 folds’ magnitude lower than Inductively Coupled Plasma Mass Spectroscopy, the 

most commonly used technic today. These results pave the way to a generalized monitoring of Cs+ in 

complexed analytes.   

 

1. Introduction 

Regular and systematic monitoring of radioactivity levels in natural waters is of crucial 

importance and a matter of public health, and is still limited by the lack of rapid and low-cost on-

site analytical tools. The largest sources of aquatic pollution originate from cesium isotopes from 

nuclear waste and industrial landfills. The two most prominent cesium radioisotopes, 134 and 

137, are particularly problematic both due to their high half-life and solubility in water which 

facilitates their spread by air or sea [1]. Thus, ten years after the Fukushima accident in 2011, the 

quantities of cesium, which occurs naturally in seawater at concentration in the range 0.03-0.05 

ng/l (~300 fM) [2], have doubled locally, but also in regions several thousand kilometers away 

impacting the global environment [3–6]. The health standards set by the governments vary 

country to country and are often dictated by the detection limits of the analytical tools. For 

instance, the European standard for drinking mineral water and dairy products is 300 Bq/kg [7,8], 
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which fits with the low limit of detection of the Inductively Coupled Plasma Mass Spectroscopy 

(ICP-MS) technique, providing to date the most sensitive and accurate results (limit of detection 

of 2 pM) [9]. In other countries such as Japan and Eastern European countries, where this standard 

is lowered to 10 Bq/kg and 50 Bq/kg for drinking water and dairy products respectively [10], 

analysis is hence conditioned to product pre-concentration.  

Confronted to this need in large scale and low concentration Cs+ monitoring in aquatic media and 

soils, much effort has been made to develop new, transportable, low-cost, immediate-response 

devices. Optical detection induced by cesium complexation appears to be one of the most favorite 

strategies [11,12]. A set of devices based on colorimetric detection using gold nanoparticles and 

Prussian blue [13], chrysoidine G as chemo indicator [14] or an optode based on ion-exchange 

membrane [15] allow naked eyes detection at the micromolar level. Fluorescence detection using 

squaraine fluorophore resulted in a significant lowering of the limit of detection down to 130 nM 

[16]. In another study, seawater was exposed to high energy micro discharge, from which Cs+ 

could be determined at concentrations as low as 100 pM by recording the emission spectrum [17]. 

Besides, carbon electrodes modified with Clinoptilolite nanoparticles [18] or self -assembled 

thiacalix[4]arene on gold surfaces [19] were successfully developed for electrochemical Cs+ 

detection. Although selective and low cost, these techniques present a limit of detection which is 

not sufficiently low to address the requirements for a real-time detection in aquatic media, natural 

waters or drinkable products. Only recently, a sensor based on water-gated thin film transistor 

(WGTFT), with a channel formed by a spray-pyrolyzed tin dioxide SnO2 coated with a doped-PVC 

membrane with a cesium-selective zeolite “mordenite”, was reported allowing the detection of 

cesium in drinking water at a concentration down to 33 fM [20]. Furthermore, electrolyte gated 

Field-effect transistors (EG-FET) sensors which have already demonstrated to provide very low 

limit of detection for ions [21–24] hence have emerged to be a promising and reliable technology. 

However, the detection of ions in complex analytes with high ionic strength such as in seawater is 

still challenging: selectivity is impeded by the presence of interfering ions; the presence of small 

cations such as potassium and sodium which are well known to act as electrical traps for FETs 
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[25–28] are very likely to lead to transistor performance degradation; finally, small Debye length 

is expected to reduce the sensitivity of the sensor by charge screening.  

In this manuscript, we will demonstrate that by selecting the right transistor components, one can 

overcome most of these limitations. We describe the fabrication of a new type FET-based sensor, 

consisting of ultra-thin active layers, which can be easily integrated and miniaturized for on-site 

measurements, with immediate response and low power consumption (Fig. 1). This all-organic 

transistor consists of a 20 nm thin film of poly(3-hexylthiophene) semiconductor polymer (P3HT) 

and a 2.2 nm thick lipid monolayer as the gate dielectric. P3HT has a reasonable carrier mobility 

(10-4 - 10-1 cm2V-1 s-1) and has the great advantage to form perfectly flat films with low roughness, 

hence facilitating the formation of dense and compact  lipid monolayers at its interface [29]. It was 

also shown that the formation of the lipid monolayer on top of P3HT is not affecting strongly 

(same order of magnitude) its carrier mobility [30].  The lipid layers have been engineered by a 

double cross-linking process which allows their stabilization and a high resistance to mechanical 

and electrical stresses [31–33]. The combination of P3HT film and lipid monolayer, has recently 

been used in the manufacture of electrolyte gated organic transistors (EG-OFETs) as pH sensors 

and has been shown to be effective in stabilizing the transistor response and increasing its lifetime 

Figure 1:  A) EG-OFET sensor design based on ultra-thin layers of P3HT and engineered lipid monolayer as semiconducting 

and dielectric materials respectively. The Cesium probe is a calix[4]arene benzocrown ether grafted to the lipid monolayer 

through a triethoxysilane groups. B) Picture of a chip containing 8 transistors mounted in parallel. C) Picture of the set-up 

for electrical measurements. D) Equivalent circuit of the system representing the sensing monolayer/electrolyte interface, 

the electrolyte and the gate electrode/electrolyte interface.    



5 
 

by preventing doping by ions of the layer and the supporting semiconductor beneath [29,30]. 

Finally, molecular probes based on a calix[4]arene benzocrown ether are grafted on the surface 

of the lipids to ensure the selectivity [34]. We demonstrate, that by playing judiciously with the 

affinity constants, it allows us to detect cesium in seawater with a high selectivity and a detection 

limit 5 orders of magnitude lower than for ICP-MS. 

 

2. Materials and methods 

2.1 Materials 

2-(2-chloroethoxy)ethanol), catechol and p-toluenesulfonyl chloride (TsCl) were purchased from 

TCI. Calix[4]arene and allyl bromide were purchased from Alfa Aesar. P3HT (90% regioregular), 

Karstedt’s catalyst, Li+, Na+, K+, Rb+, Cs+, and Mg2+ as chlorine salts, dimethylformamide (DMF), 

anhydrous acetonitrile (CH3CN), methanol (MeOH), dichloromethane (DCM), tetrahydrofuran 

(THF), anhydrous toluene, anhydrous 1,4-dioxane, K2CO3, NaOH and Cs2CO3 were purchased from 

Sigma Aldrich. All compounds and solvents were used as received. Column chromatography was 

performed using silica 60 M (0.04-0.063 mm) purchased from Macherey-Nagel. 1,2-bis(10,12-

tricosadiynoyl)-sn-glycero-3-phosphocholine (DCPC) and Phospholipase C from Bacillus cereus 

were purchase from Sigma Aldrich. 

2.2 Fabrication of transistor 

EG-OFETs were fabricated according to the following protocol: first, source and drain gold 

electrodes were patterned on a 200 nm thick SiO2/p-Si substrates through a shadow mask by 

thermal evaporation. The gate area dimensions were 100 µm and 2000 µm respectively for the 

length (L) and the width (W). Second, a 0.75 wt% solution of P3HT in chlorobenzene was prepared 

and heated at 60°C for 30 min. and filtered through a 200 nm pore-sized membrane prior to be 

spin-coated (2000 rpm, 60 sec.) on the patterned substrates. The P3HT film was then annealed at 

150°C under vacuum to eliminate the residual solvent. Upon this process edge-on oriented thin 
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films of P3HT were obtained (~20 nm in thickness) with alkyl chains pointing out of the surface. 

Finally, a PCTFE container (400 µl) was carefully sealed on the top of the P3HT film. The gate bias 

voltage was applied by the immersion of an Au gate electrode into the electrolyte solution. 

2.3 Lipid monolayer formation 

Lipid monolayer was prepared from DCOH lipids. DCOH lipids were synthetized from 

commercially available DCPC lipids by enzymatic cleavage of the phosphatidylcholine head-group 

with Phospholipase C according to the following protocol [22]. To a solution of 5 mg DCPC in 50 

mL of deionized water, buffered at pH 7.2, was added a catalytic amount of phospholipase C. The 

reaction mixture was consecutively sonicated over 15 min then slowly stirred at 55°C for 72h. 

Then, the aqueous phase was extracted three times with chloroform and the organic phase was 

dried over Mg2SO4, filtered and evaporated under reduced pressure. The crude residue was 

further purified by column chromatography over SiO2 using petroleum ether 8:2 ethyl acetate as 

eluent. The solvents were removed under reduced pressure affording DCOH as a white solid in 85 

% yield.  

Lipid monolayer formation on P3HT was extrapolated from previous work on silicon [32]. A 

freshly prepared 1 wt% lipid emulsion of DCOH lipid in DI-water was first sonicated during 30 

minutes in order to obtain unilamellar vesicles and then extruded through a 100 nm pore-size 

membrane. The homogeneous DCOH vesicles solution was deposited onto the P3HT film at room 

temperature. Subsequently, the temperature was lowered to 10°C for 5 min affording the 

Scheme 1: DCOH-R lipid layer (3) was obtained from DC8,9PC lipids after enzymatic cleavage of their head-groups leaving 

hydroxyl functions at the head-groups and reticulation of the layer. Grafting of calix[4]arene derivative (1) to the lipid 

layer was obtained by silanization of the -OH groups of DCOH lipids by the triethoxysilane end-group of the probe legs.   
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formation of a stable DCOH lipid monolayer at the P3HT interface through a three-step process 

involving the condensation, the fusion then the spreading of the vesicles. The result is the 

formation of a dense monolayer with additional bilayers stacked atop. The latest are desorbed 

from the monolayer by gradually increasing the temperature from 10°C to 30°C at a rate of 1°C 

per minute. Additional mechanical stability of the monolayer was further achieved by free-radical 

polymerization of the unsaturated alkyl lipid chains initiated at 30°C by adding 0.1 w% of 

azobis(2-amidinopropane dihydrochloride (AAPD) as radical initiator. Reticulation was thermally 

activated by increasing the temperature up to 42°C at a rate of 5°C per ten minutes and kept at 

42°C for 45 minutes. Lastly, the layer was cooled down to room temperature and rinsed with 

deionized water resulting in a highly stable ultrathin DCOH-R monolayer on P3HT. 

2.4 Grafting of cesium probe to lipid layer 

The full synthesis of the cesium’s probes was described elsewhere, following reported literature 

procedures for analogous compounds [35–40]. The probes have demonstrated high affinity 

constants toward Cs+ (6024 M-1) while for the most competitive ions such as Rb+ and K+ the latter 

was about two-fold magnitude lower respectively (2288 M-1, 2825 M-1) [34]. Note that no affinity 

was found for Na+ ions. The probes were ultimately modified using the Karstedt’s catalyst in order 

to introduce a triethoxysilane (Si(OEt)3) group used for their grafting on the top of the DCOH-R 

monolayer through a silanization-like reaction. The probe 1 was successfully integrated on the 

single lipid monolayer as follows (Scheme 1): 80 μL of a probe solution at 0.25 M in anhydrous 

1,4-dioxane was poured in the PCTFE container and kept during 30 minutes at room temperature. 

After completion of the reaction the newly functionalized monolayer 2 was successively rinsed 

several times with 1,4-dioxane then DI water and is ready at this stage to be used in sensing 

measurements. Note that with a probe 1 molecular area of 120Å², only a portion of the surface 

hydroxyl groups are used to bind to the probe. This is further discussed in section §3.1.1. 

 

2.5 Sensing measurements  
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Transistors characteristics were collected using a semiconductor parameter analyzer (Agilent 

B1500A) under ambient conditions. The gate voltage (VGS) was applied between a metal (gold) 

electrode dipped in the analyte solution and the P3HT semiconducting layer. The sensor output 

signal was determined based on the shift of the threshold voltage (Vth) and estimated from the 

transfer curves (IDS vs VGS) in the saturation regime; VGS was swept from 0 to -300 mV keeping 

VDS=-300 mV constant (Fig S1). The measuring solution consisted in either buffered or pure NaCl 

(10 mM) or PBS (150 mM). Solutions containing the ions of interest at concentrations ranging 

from 0.01 fM to 10 μM were prepared either in DI water or in sea water (0.9 M). All sensing 

measurements were performed as follows: PCTFE container was filled with 100 µl of NaCl or PBS 

solution. Then 100 µl of a sample solution at a given concentration was added to the container and 

mixed to the analyte solution. After 5 min, the container was rinsed with the analyte solution. 

Transfer curves were then performed using analyte solution as the gate. 

 

2.6 NMR analysis 

NMR spectra were recorded on a JEOL ECS400 NMR spectrometer at room temperature. NMR 

chemical shifts are given in ppm (δ) relative to Me4Si with solvent resonance used as internal 

standard (CDCl3 7.26 ppm for 1H and 77.7 for 13C). 1H RMN titrations were conducted in solution 

in a mixture of CDCl3:MeOD:D2O deuterated solvents by the gradual addition of an increased 

number of equivalent for each tested cations (Cs+, K+, Rb+, Na+) to the probe 1. Competitive studies 

were performed under the same conditions by adding a putative competitive cation M’+ to a 

preformed 1⊂M+ complex. 

 

3. Results and discussion 

3.1 EG-OFET detection of Cs+ in solution 

3.1.1 Importance of a buffered electrolyte on the sensor response 
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Selective detection of specific ions by EG-OFETs is generally hampered by the competitive ions 

present in solutions. We have recently reported that the selected probe 1 exhibits greater affinity 

for Cs+ comparatively to K+ and Rb+ which turned out to be the two most competitive ions [34]. In 

a first experiment, we attempted to minimize the effect of ions competition by performing 

experiments in a 10-2 M NaCl electrolyte, Na+ and Cl- being the two major ions present in seawater. 

Two electrolytes were prepared:  pure NaCl or buffered NaCl + Na2HPO4 solution at pH=7.2. Cs+ 

surface chelation was monitored by measuring the IDS versus VGS transfer curves for different Cs+ 

concentrations [10 aM – 10 µm] in solutions. Upon the formation of 1⊂Cs+ complexes, a surface 

potential change at the dielectric/solution interface is expected, leading to a modulation of the 

current flow in the semiconducting channel (IDS) and to a shift of the threshold voltage of the 

transistor device (Vth). All electrical measurements herein were performed in the saturation 

regime for which IDS is given by the relation 𝐼𝐷𝑆 =
1

2

𝑊

𝐿
𝜇. 𝐶𝑔. (𝑉𝐺𝑆 − 𝑉𝑡ℎ)

2 with W and L the width 

and length of the gate area respectively, µ, the carrier mobility in the P3HT layer, and Cg, the gate 

dielectric capacitance which includes the capacitance of the lipid/probe sensing monolayer (CSML) 

in series with the double layer capacitance (CDL) in solution (Fig. 1D).  As an example, two IDS-VGS 

transfer curves obtained prior to (blue squares) and after (red triangles) exposure of the sensor 

to a 1 nM Cs+ solution are displayed in Fig. 2A). The IDS-VGS transfer curve measured in absence of 

Cs+ ([Cs+] = 0 M) is used to measure the reference of the threshold potential Vth0. The trapping of 

the positively charged Cs+ ions, induces a decrease of IDS leading to a negative shift of Vth (inferred 

from the extrapolation of the linear fitting of the upper part of the curves). Sensitivity 

measurements performed in buffered (blue circles) and non-buffered (red squares) NaCl 

solutions, with concentrations of Cs+ varying from 10-19 to 10-5 M, exhibit very different behaviors 

(Fig. 2B). In buffered solutions the curve shows a linear variation of the threshold potential Vth 

with the logarithm of the concentration over the whole range, with a saturation appearing above 

10-7 M. In contrast, in non-buffered solutions, only minor variations are observed over the same 

concentration range evidencing a lack of sensitivity under these conditions, thus highlighting the 

importance to work in buffered solution. Note that an experiment was also performed in DI-water 
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indicating no sizeable sensitivity to Cs+ in these conditions (Fig. S2). This response to pH may 

originate from the nature and structure of the sensing layer with the presence of pH sensitive 

functional groups. A protonation of the oxygens from the C-O-C groups in the ether-crown is 

expected in acidic medium. However, in this case, several works from the literature reporting on 

the effect of proton and hydronium ions complexation by crown ethers (considered as weak 

bases), demonstrated lower affinity constants compared to other cations and effective exchanged 

by the cation of interest when the latter is present in solution [41,42]. Thus, pH should have very 

minor effect on the capability of the crown ether of the chelator to interact with cesium. The main 

effect however, is expected from the presence of unreacted free -OH groups remaining atop of the 

lipid monolayer after the probe anchoring. It was indeed shown that with a molecular area of the 

cesium probe 1 of 120 Å², i.e. a maximum surface density of ~5-8 ×1013 probes/cm², and assuming 

a hexagonal close packing of the DCOH lipids, a DCOH-R:1 ratio of 5:1 is estimated [34]. Also, 

during the grafting process, the siloxane polymerization step leaves behind some unreacted 

groups or functions that are also pH sensitive. In these two cases a protonation of the -OH groups, 

that is expected in acidic conditions such as in water or non-buffered NaCl, may induce a charge 

screening that may drastically reduce the sensor sensitivity. This hypothesis is supported by 

previous work where transistors containing DCOH lipid monolayer as gate dielectric 

demonstrated a linear response of the threshold voltage with the pH which could be cancelled by 

replacing the -OH groups by a non-reactive CH3 function [30].  

To avoid this pH interference and to ensure that the sensor response is related and sensitive to 

the target ions, experiments are hence required to be performed in buffered solutions at constant 

pH. In the next section, all experiments were performed at pH=7.2 using PBS as analyte solution 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4). 
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3.1.2 Detection of Cs+ in PBS and seawater 

Seawater is a more complex medium and contains a multitude of ions including K+ and Rb+, the 

two most competitive ions to Cs+. The greater affinity of probe 1 to Cs+ compared to its alkali 

analogs constitute a key parameter for the fabrication of sensors exhibiting high selectivity to Cs+ 

even in the seawater. We first started to investigate the impact of high concentrations of K+ in Cs+ 

Figure 2: A) Transfer curves obtained in buffered 10 mM NaCl, before (blue) and after (red) exposure of the sensor to 1 nM 

Cs+ ions. The threshold voltage Vth is obtained by a linear fitting of the top part of the curves. B-D) Sensor sensitivity in 

various media: Shift of the threshold voltage ΔVth as a function of Cs+ concentration (in log scale) in non-buffered (red) and 

pH=7.2 buffered (blue) NaCl solutions (B), in 0.15 M PBS solution (C, blue circles) and in sea water (D). In (B) the grey 

squares (right Y axis) represent the evolution of the quantity µ×Cg (carrier mobility × dielectric capacitance) inferred from 

the slope of the transfer curves.  Note the variable sensor sensitivity (slope) in the different media: 12 mV/decade in pH=7.2 

buffer NaCl, 15.7 mV/decade in 0.15 M PBS and 7.8 mV/decade in sea water. E) Comparison of the performances of EG-

OFET sensor (in blue) with ICP-MS based detection (red). 
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detection using 1x PBS solution (CK+ = 4.5 mM, pH=7.2). Sensing experiments were carried out 

similarly to the ones in NaCl solutions with Cs+ concentrations within the 10-19 to 10-5 M range. 

Surprisingly, the sensitivity curve shown in Fig. 2C), obtained from the average of 6 different 

transistors, displays the same linear dependency as was previously obtained in NaCl solutions 

demonstrating the effective detection of Cs+ even in presence of high concentrations of 

competitive cations. The measured sensitivity is 15.7 mV/decade. Note also that the product 

carrier mobility × dielectric capacitance (µ×Cg, Fig. 2C, grey squares) remains constant over the 

whole range of concentrations suggesting that neither the dielectric capacitance nor the carrier 

mobility are effected by the presence of ions in the solution nor by the formation of 1⊂M+ 

complexes [24].  

A similar experiment was performed in seawater using normalized ASTM D665 standard 

seawater at a concentration of 0.9 M (Seawater composition is given in Table S1). Experiments 

were conducted in buffered solutions using a 1:1 mixture of 0.15 M PBS and 0.9 M seawater with 

[Cs+] in the range of 10-19 to 10-5 M (Transfer curves are shown in Fig. S3). A linear dependency 

similar to that observed in NaCl or PBS solutions is observed (Fig. 2D). The sensitivity, 7.8 

mV/decade, is lower than in NaCl or PBS. This can be ascertained to charge screening of the 

charges because of the higher ionic strength of the solution. Interestingly the limit of detection 

remains unchanged at 10 aM.   

 

3.1.3 Comparison between EG-OFET and ICP-MS.  

For the sake of comparison, measurements were carried out in parallel with EG-OFET and ICP-MS 

(Induction Coupled Plasma-Mass Spectrometry), the most sensitive and commonly used technic 

for measuring metallic ions quantities in complexed solutions. Fig. 2E compares the performances 

of both technics using the same set of Cs+ solutions diluted in 0.15 M PBS.  The variations of the 

threshold voltage ΔVth measured with EG-OFET (blue circles)  and the Cs+ concentration measured 

by ICP-MS (red circles) are displayed in Figure 2E. The results evidence the complementarity of 

the two technics with an overlap of detection efficiency within 10-2 and 5×10-1 ppb range. Below, 
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ICP-MS is not sensitive and the limit of detection is in agreement with data reported in the 

literature [9]. Above EG-OFET is saturated. More importantly the limit of detection obtained for 

the EG-OFET is at least 5 orders of magnitude lower than for ICP-MS making this sensor by far the 

most sensitive to detect trace amounts of Cs+ in complex solutions.  

 

3.2 Selectivity towards Cs+ 

The above results address the question of the efficient Cs+ detection even in presence of high 

concentration of competitive cations. Indeed, the presence of ions such as K+ in PBS or others 

cations (K+, Rb+, Ca2+, …) in seawater seems to not hinder the Cs+ detection although in our 

experiments, an initial probe saturation by K+ or Rb+ cations is anticipated that shall prevent 

efficient detection of Cs+.  

The efficiency and selectivity of our device to Cs+ can be explained by a greater affinity of the probe 

for Cs+ and its ability to substitute other cations with weaker affinity constants (Fig. 3A). This is 

supported by 1H NMR investigations of the complexation processes in solution [34]. Fig. 3B shows 

examples of 1H NMR spectra of probes 1 in CDCl3:MeOD:D2O solution prior to (spectrum a) and 

after addition of one equivalent of K+, Rb+, Cs+ (spectra b-d). In all cases, a shift and a splitting of 

the multiplets initially standing at ~6.56 and ~6.90 ppm associated to the aromatic protons are 

observed attesting of the formation of 1⊂M+ complexes. No variation of the NMR spectra is 

observed in presence of Na+ (spectrum not shown). Interestingly the shifts and amplitude splitting 

(differences of chemical shift between the two split components of one multiplet) are different 

thus providing a specific signature for the complexation of one given cation M+. The greater affinity 

of Cs+ and its ability to substitute the other alkalin cations - in particular K+ - was demonstrated 

by carrying out NMR measurements after direct addition of Cs+ in probe 1 solution (Fig. 3B, 

spectrum d) or after Cs+ addition in probe 1 solution previously saturated with K+ (Fig.3B, 
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spectrum e). In both cases, very similar spectra were obtained indicating an efficient substitution 

of K+ ions. The efficient and quantitative Cs+/ K+ substitution is further sustained by the Job’s plot 

titration (Fig.3C). In this plot, the integrated intensity of the aromatic protons multiplet at 6.46 

ppm is plotted as a function of Cs+ concentration (from 0 to 1 molar equivalent) in the case of the 

direct addition of Cs+ in probe 1 solution (blue circles) or after initial saturation of probes 1 by K+ 

(red squares). The two resulting curves are perfectly superimposed confirming a quantitative ion 

exchange and suggesting that the chelating properties of the probe with Cs+ are not degraded by 

prior chelation with another ion. 

Although the results discussed above demonstrate a very efficient Cs+ capture by the probes 1 

even in presence of putative competitive ions or when 1⊂M+ complexes are already formed, in 

Figure 3: A) Scheme of guest/host exchange mechanism in presence of K+ competitive ions in solution driven by the greater 

affinity constant of probe 1 to Cs+. B) 1H RMN spectra of probe 1 in CDCl3:MeOD:D2O solution prior to (a) and after K+ (b), 

Rb+ (c), Cs+ (d) molar equivalent addition.  C) Job’s plot titration: integrated intensity of the calixarene-related multiplet 

(6.46 ppm) as a function of Cs+ concentration in the case of the direct addition of Cs+ in probe 1 solution (blue circles) or 

after initial saturation of probe 1 by K+ (red squares). D) Selectivity measurements: Variation of threshold voltage vs the 

ions concentration for Rb+ (red squares) and Ca2+ (green diamonds) and for Cs+ using a sensor with no probes grafted to 

the lipid layer (blue circles). 
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homogeneous phase and in organic solvent, the question of the selectivity when the probes are in 

a different environment (densely packed on a surface and in aqueous medium) as it is the case for 

OG-FET based detection of Cs+ in water may be addressed. To investigate this issue specific 

experiments were carried out.     

Firstly, we checked the sensor response in absence of Cs+ specific probes. For this purpose, the 

probe 1 atop of the DCOH-R lipid monolayer were replaced by methyl trichlorosilane and the 

response of the as modified sensor exposed to variable concentrations of Cs+ was assessed. As 

expected, no evolution of the threshold potential ∆𝑉𝑇𝐻 is observed (Fig. 3D, blue circles) (the shift 

of the curve to 50 mV is attributed to a small change of the transistor source or drain electrical 

contact after the reference measurement).  Also, this absence of potential variations allows for 

discarding the contribution of side effects linked to non-specific interactions that could give rise 

to parasitic electrical output signal.  

In a second set of experiments the probes immobilized on the sensor surface were first saturated 

with K+ by exposure in PBS solution and then measurements were carried out upon progressive 

addition of other cations present in the sea water and exhibiting weaker (Ca2+) or similar (Rb+) 

affinity for probe 1 (from previous works the following relative affinity strength was determined: 

1⊂Cs+ > 1⊂Rb+ ~ 1⊂K+ > 1⊂Ca2+ [34]). As it could be anticipated no variation of the threshold 

potential Vth was measured after the addition of Ca2+ (green diamonds) or Rb+ (red squares) thus 

confirming the existence of a substitution mechanism driven by affinity similar to that evidenced 

in homogeneous phase.   

 

3.3 Origin of the limit of detection  

In an EG-OFET sensor the complexation of target ion/molecule with the probe receptor induces a 

response which is translated into the transistor figure of merits. Experimentally the measured 

response is generally a modification of the threshold potential Vth of the device that may be 

correlated to modifications of the charge distribution at the sensing layer/solution interface 

induced by complexation events. However other effects as charge screening, modification of the 
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dielectric properties of the organic gate and/or the electrical properties of the organic 

semiconductor (charge trapping, modification of carrier mobility) may give rise to a variation of 

the output signal and hence affect the performances of the sensor in terms of limit of detection 

(LOD).  The purpose here is to discuss the origin of the remarkable LOD in the sub-femtomolar 

range obtained with this sensor design.   

 

3.3.1 Electrical properties at the interface 

A scheme of the sensing layer/solution interface is displayed in Fig. 1D. The active monolayer can 

be divided in two parts: the dense DCOH lipid monolayer (thickness ~2.2 nm) acting as the 

dielectric gate and the topmost probe layer whose density is limited by the bulky structure of the 

calix[4]arene probes. Electrically the interface can be modeled by three serial capacitances: CLM 

the capacitance of the dense DCOH-R lipid monolayer (thickness LM ~ 2.2 nm) whose electrical 

and mechanical properties [33] let us assume dielectric properties close to those of lipid 

monolayers in the crystalline state (CLM ~ 0.9 µF/cm2 [43]), CPL the capacitance of the probe layer 

at the topmost surface of the lipid layer and CDL the double layer capacitance in solution. Because 

of its lesser density compared to the lipid monolayer [43], the probe layer (thickness PL = 1.26 

nm) can be considered as a complex effective medium composed of the organic probes, entrapped 

ions and water molecules with a capacitance CPL >> CDCOH-R. This is within this layer that most of 

the variations of charge density are expected upon complexation leading to charge compensation 

on the solution side. The dielectric properties of such an interface are dominated by the dielectric 

properties of the lipid monolayer which exhibits the smaller capacitance (CLM << CPL, CDL). 

Assuming a dielectric capacitance Cgate ~ CLM ~ 0.9 µF/cm2 the carrier mobility µ can be inferred 

experimentally from the slope of the IDS vs VG plots. Charge carrier mobility µ ~5×10-2 cm2/V is 

calculated. This value is in agreement with those generally reported for P3HT thin films (10-4 -10-

1 cm2/V). 

Interestingly our result shows that the product µ×Cgate (carrier mobility × dielectric capacitance) 

remains almost constant (Fig.2C) indicating a good stability of the device in terms of the dielectric 
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properties of the organic gate (the lipid monolayer) and/or the electrical properties of the 

semiconductor P3HT film (no sizeable modification of the carrier mobility or charge trapping).  

This allows for discarding major contribution of variations of the intrinsic device electrical 

properties in the output signal of the sensors  

 

3.3.2 Limit of detection in the sub-femtomolar range 

The 10 mV potential shift measured for 10 aM concentration cannot be explained only by an 

increase of the surface charge density due to the charge carried by the Cs+. As a matter of fact, our 

results show that Cs+ trapping takes place through a substitution mechanism meaning that weak 

variations of the charge density is anticipated in terms of charges carried by the cations, anyway 

much weaker than in the case of a direct chelation process. Furthermore, in our experimental 

conditions for a 10 aM concentration, the maximum number of Cs+ that can be captured is ~600 

(gate area of 2×10-3 cm², 100 µl) which is orders of magnitude smaller than the number of ions 

required for a 10 mV potential shift taking into account charge screening effect in solution. Indeed 

using the Grahame equation to describe the surface potential at the sensor/solution interface 

[21,44] and the site binding model that assumes that the density of captured ions at saturation 

regime must be equal to the density of immobilized probes [45,46], one can calculate that ~1010 

ions would be required to induce a 10 mV potential shift.  

Therefore, other effects should be considered to explain the unexpected amplitude of the potential 

shift measured at such low concentration. A possible explanation could come from a modification 

of the charge distribution within the probe layer resulting from molecular conformation changes 

induced by the ion complexation. Molecular structural rearrangements leading to surface 

potential modifications are reported in the literature for Self Assembled Monolayers (SAMs) 

[47,48]. Such effects are reported upon cis/trans photoisomerization of azobenzene [49] or Pd2+ 

complexation/release on bipyridine [50] SAMs on gold. In both cases the active molecules 

undergo a structural reorganization leading to a change of the amplitude and/or the orientation 

of their molecular dipole moment with respect to the surface normal. The spatial charge 
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redistribution induced by external stimuli (light or Pd2+ exposure) at the origin of the 

modifications of the surface potential observed experimentally is also confirmed by DFT 

calculations.   

Relying on these works we may figure out the existence of similar effects upon the Cs+ 

complexation by the crown ether probes immobilized at the sensor surface. The occurrence of 

conformational changes is supported by NMR results showing a splitting of the multiplets 

corresponding to the aromatic protons from the calix[4]arene (Fig. 3B) and to the protons of the 

crown ether moiety (Fig. S4) with chemical shifts that depend on the nature/size of the alkali 

cation. Molecular reorganization within the probe monolayer was tentatively investigated by 

ATR-FTIR spectroscopy using polarized IR beam. Unfortunately no polarization effect could be 

evidenced because of the complexity of the FTIR spectra in the region where specific bands of the 

crown ether and calix[4]arene are expected. Only a slight intensity decrease of some bands 

assigned to the calix[4]arene was detected after Rb+ capture and its subsequent substitution by 

Cs+ (Fig. S5). Because of the strong overlapping of the CO bands of the crown ether with bands 

assigned to other components of the sensing layer (ester, siloxane, phenyl) it turned out difficult 

to make quantitative analysis of the dichroic ratio and therefore get insights in a possible 

reorientation of the probe 1 molecular dipoles.   

In addition to charge redistribution due to individual complexation events, collective effects might 

also be figured out. In recent works, the FET-based detection of single protein was demonstrated 

using centimeter square transistor gate. To explain the high sensitivity of the device a model is 

proposed involving a local modification of the electrical work function at the protein recognition 

site then propagating laterally through a domino cascade within domains in the sensing layer 

[51,52]. In our system, the probes are bound to a dense lipid layer through a short carbonyl chain 

end-capped with a silane function which provides flexibility to the probes orientation on the lipid 

layer. The probes are supposedly densely packed and their orientation and organization is 

expected to be governed by the calix[4]arene  groups through their interaction through their 

phenyl rings. In such a configuration collective effects initiated by localized structural molecular 
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reorganization induced by a single complexation events might also contribute to the surface 

potential change measured experimentally.  

  

 

4. Conclusions  

In this study we have demonstrated that by controlling affinity driven guest/host ion exchange, 

one can lift the general problem of selectivity in complexed analytes encountered in all FET-based 

ion sensors. In our device the pre-saturation of the probes by K+ ions, prevents the chelation of all 

other ions except for the most competitive Cs+ ensuring a great selectivity. With this method, the 

selectivity is obtained even in very complexed solutions containing competitive ions in high 

concentration and high ionic strength such as in PBS or seawater. In addition to selectivity, the 

structure of the sensor using nanometric semiconducting and organic dielectric layers provided 

extremely low limit of detection in the sub-femtomolar range, at least 5 orders of magnitude lower 

than that of ICP-MS. These results are very promising, and the integration of such EG-OFET sensor 

into portable devices could allow fast and low-cost monitoring of Cs+ in natural waters but also in 

soils. This unique combination of properties and strategy makes this device a system of choice for 

the foreseen applications and can be applied for the detection of any kind of ions. 
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