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A B S T R A C T   

Hydrophobic ions can generate considerable interference to ion detection in a complex analyte with membrane- 
based ion-selective sensors, due to the hydrophobic interaction. In this paper, we demonstrate that the inter-
ference from the hydrophobic interaction to the sensors can be significantly reduced by incorporating hydro-
philic polyethylene glycol (PEG) into the membrane. The sensor is a silicon nanowire field-effect transistor 
(SiNWFET) with its surface functionalized with an ionophore-doped mixed-matrix membrane (MMM), where the 
ionophore is either a commercial Na-ionophore III or a novel synthetic metal-organic supercontainer. The 
incorporation of PEG suppresses the partitioning of hydrophobic ions into the MMM and thus reduces their 
interference to the detection of target ions. This is evidenced with an improvement in selectivity for Na+

detection in the presence of interfering methylene blue (MB+) ion by more than an order of magnitude. It further 
enables detection of Na+ and MB+ using a SiNWFET sensor array in a multiplexed manner with controlled 
susceptivity to cross-interference and a greatly expanded dynamic range.   

1. Introduction 

Ion detection in liquid samples, such as river water, sweat, and 
serum, plays an important role in environmental monitoring, disease 
diagnosis, and medical analysis [1–4]. Multiplexed detection with sen-
sors integrated on a single chip can simultaneously detect multiple 
target ions and acquire comprehensive and complementary information 
of the analyte in a timely manner [4,5]. However, a real-world liquid 
sample usually contains complex components such as elemental ions, 
molecular ions, and biomolecules. These complex components may 
interfere with ion sensors by generating non-specific and false responses 
and cause selectivity issue [5–7]. 

Silicon nanowire field-eff ;ect transistor (SiNWFET) [8] has attracted 
a great deal of attention in chemical sensing [9,10], label-free biosensing 
[11,12], and gas sensing [13] due to its high charge sensitivity and 
possibility of high-density integration. SiNWFET based ion-selective 
sensors (SiNW-ISFETs) can be realized by functionalizing the sensor 
surface with an ionophore-incorporated mixed-matrix membrane 
(MMM). This membrane based sensors have been widely used for 
detection of elemental ions [14] and molecular ions [5,15]. The iono-
phore has to be designed with high binding affinity and selectivity 

towards a target ion. Variation of the target ion activity in the liquid 
sample will lead to a change of the MMM/sample interfacial potential 
therefore a shift in the threshold voltage (VTH) of the SiNW-ISFET. MMM 
can be drop-casted onto the chip surface [16] and has been shown to be 
more reliable for a stable interfacial potential formation than covalently 
functionalized ion receptors [17]. 

However, MMM itself also has a high affinity towards hydrophobic 
molecules and ions owing to its hydrophobic nature. As a result, organic 
molecules and molecular ions in the liquid sample can partition into the 
MMM and generate non-specific signal. In our previous work [5], we 
have demonstrated that such partitioning can adversely affect the sensor 
performance, particularly in ion detection with the presence of molec-
ular ions. Specifically, the presence of a molecular ion, i.e., methylene 
blue (MB+), in the liquid sample can considerably limit the sensitivity of 
the Na+ SiNW-ISFET sensor (Na+-sensor). MB+ activity (aMB+ ) changes 
in the liquid sample also generate false responses to the Na+-sensor. 
Consequently, multiplexed detection of Na+ and MB+ ions was 
demonstrated only in a limited aMB+ range, i.e., between 1 μM and 7 μM. 
MB+ was selected as a representative interfering ion in our study due to 
its known hydrophobicity and environmental implications. 

It has been proved that polyethylene glycol (PEG) incorporation 
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could reduce the hydrophobicity of a membrane [18,19]. Therefore we 
expect that incorporating PEG to the MMM can lower its affinity to 
hydrophobic ions and benefit the sensor selectivity. In this work, we 
demonstrate that the interference from hydrophobic interactions can 
indeed be significantly reduced by incorporating hydrophilic PEG into 
the MMM. The PEG incorporation greatly improved the selectivity of the 
Na+-sensor against hydrophobic ions, e.g., MB+. The effect of PEG 
doping on the selectivity is also quantitatively examined. In the end, 
multiplexed detection of Na+ and MB+ ions with a widened range is 
achieved in a single liquid sample with the improved MMM. 

2. Material and methods 

2.1. Reagents and materials 

High molecular weight poly(vinylchloride) (PVC), PEG 3350, Na- 
ionophore III, Tetrahydrofuran (THF), Bis(2-ethylhexyl)sebacate 
(DOS), potassium tetrakis(4-chlorophenyl) borate (KTpClPB), KCl, and 
NaCl were purchased from Sigma-Aldrich and used without any further 
purification. HCl was purchased from BASF and methylene blue from 
Merck Millipore. The metal-organic supercontainer (MOSC) based 
ionophore (designated as 1-Co) was synthesized following a published 
procedure [20]. A schematic of MOSC 1-Co structure is shown in Fig. 1a. 
All activity series were prepared using deionized (DI) water (18.2 MΩ 
cm). 

2.2. Device fabrication 

The SiNW-ISFETs were fabricated on silicon-on-insulator (SOI) sub-
strates by means of standard silicon process. The SOI wafers comprised a 
260-nm-thick lightly p-type doped silicon layer on top of a 375-nm-thick 
buried oxide (BOX). Details regarding the process can be found in our 
published paper [21]. In brief, the silicon layer in the channel region was 
thinned down from 260 to 40 nm via thermal oxidation. The SiNW 
channel was defined by lithography and dry etching and was then 
laterally shrunk to the desired width. To reduce the series resistance, 
PtSi/p+-Si leads were used for connecting the SiNW-ISFETs to the con-
tact pads placed at the edges of the chip. Finally, a fresh thin silicon 
oxide (SiO2) film was grown via rapid thermal oxidation to serve as gate 
insulator and passivation on the chip. A top-view SEM image of a 
SiNW-ISFET is shown in Fig. 1b. 

2.3. Preparation of MMMs 

Five types of MMMs were prepared: Na-ionophore III incorporated 
MMM without PEG (Na+-MMM-control), with 10 %, 20 %, and 30 % 
PEG (w/w) (Na+-MMM-10 %, Na+-MMM-20 %, and Na+-MMM-30 %), 
and MOSC 1-Co incorporated MMM (MB+-MMM). Detailed composi-
tions for the MMMs are listed in Table 1. The preparation procedure for 
MB+-MMM can be found in our previous work [15], while that of 
Na+-MMMs is available in the literature [22]. 

Prior to sensor functionalization, the MMM solutions were stirred for 
10 min until it became homogeneous. To functionalize the SiNW-ISFETs, 
5 μL of MMM solution were drop-casted on the device area by pipetting 
(Fig. 1c). Ion-selective electrodes (ISEs) were fabricated by dipping 
pipette tips into the MMM solutions, allowing ~10 μL solution to fill the 
pipette tips by capillary force [15]. Subsequently, Ag/AgCl pellets were 
inserted into the pipette body. Saturated KCl solution was then injected 
into the body to complete ISEs fabrication. Before any measurement was 
performed, the Na+-sensors were conditioned in a 100 mM NaCl solu-
tion for 4 h and MB+-sensors in a 10 μM MB solution for 10 h. 

2.4. Electrical characterizations 

All electrical measurements were performed at room temperature. 
Transfer characteristics (IDS vs. VG) and real-time current of the SiNW- 
ISFETs were measured on a probe-station using a Keysight B1500A 
precision semiconductor parameter analyzer. As schematically illus-
trated in Fig. 1d, a polydimethylsiloxane (PDMS) container was utilized 
to hold the liquid sample during the measurement. A reference electrode 
(Ag/AgCl, Harvard Apparatus) was immersed in the liquid sample to 
apply a gate voltage (VG). During sensing, the SiNW-ISFET sensors were 

Fig. 1. (a) Structural representation of the 
MOSC 1-Co, where the gray, yellow, red, and 
blue sphere refers to C, S, O, and Co atom, 
respectively, (b) Top-view SEM image of a 
SiNW-ISFET with a SiNW channel width of 180 
nm, (c) optical image of a SiNW-ISFET chip 
functionalized with Na+- and MB+-MMMs, (d) 
schematic representation of the cross-section of 
a SiNW-ISFET as well as the measurement 
arrangement for ion sensing, (e) transfer char-
acteristics of a MMM-functionalized SiNW- 
ISFET measured in 1 mM KCl, and (f) schematic 
illustration of the charge separation and equi-
librium at the MMM/sample interface.   

Table 1 
Compositions of Na+-MMMs and MB+-MMM prepared in this study.  

Composition Na+-MMM- 
control 

Na+- 
MMM- 
10% 

Na+- 
MMM- 
20% 

Na+- 
MMM- 
30% 

MB+- 
MMM 

Na-ionophore 
III 

10 mg 10 mg 10 mg 10 mg  

MOSC 1-Co     25.7 mg 
KTpClPB 4.5 mg 4.5 mg 4.5 mg 4.5 mg 5.0 mg 
PVC 165 mg 165 mg 165 mg 165 mg 330 mg 
THF 5 mL 5 mL 5 mL 5 mL 5 mL 
DOS 361 μL 361 μL 361 μL 361 μL 722 μL 
MB     3.2 mg 
PEG  16 mg 32 mg 48 mg   
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biased in their subthreshold region with a constant drain-to-source 
voltage (VDS = 1 V). The solution exchanges were realized manually 
using a pipette. Electrode potential (EWE) of the ISE was measured on a 
VSP 300 (Bio-Logic, France) electrochemical workstation with a con-
ventional 3-electrode configuration. 

3. Results and discussion 

3.1. Characterization of SiNW-ISFET 

IDS vs. VG curve of an MMM-functionalized SiNW-ISFET is shown in 
Fig. 1e. The SiNW-ISFET exhibits a subthreshold slope (SS) of 124 mV/ 
dec and an on-to-off current ratio (Ion/Ioff) of ~105. The gate leakage 
current (IG) of the SiNW-ISFET is below 10− 10 A, and is more than two 
orders of magnitude lower than the IDS of the SiNW-ISFET during 
sensing. As schematically illustrated in Fig. 1d, when the electrical po-
tential of the liquid sample is fixed by a reference electrode, any change 
in the MMM/sample phase boundary potential (EPB) will lead to a cor-
responding shift in the threshold voltage (VTH) of the SiNW-ISFET [5]. 
Fig. 1f is a zoomed-in view of the MMM/sample interface. The iono-
phores in the surface of the MMM can specifically capture the target ions 
[15], while the hydrophobic interfering ions can also partition into the 
MMM due to the hydrophobic nature of the MMM. In the presence of 
both target (Na+) and interfering (MB+) ions, the EPB at the 
MMM/sample interface can be expressed as [23] 

EPB = E0
PB +

RT
zF

ln(aNa+ + KNa,MBaMB+ ) (1)  

where E0
PB is the phase boundary constant, R the universal gas constant, 

T the temperature, z the valency of target and interference ions, F the 
Faraday constant, aNa+ and aMB+ the ion activities of target and inter-
fering ions, respectively, and KNa,MB the selectivity coefficient. KNa,MB 

reflects the difference in the affinities of the MMM towards Na+ and MB+

ions. An MMM with lower affinity to MB+ ion will have a smaller value 
of KNa,MB, resulting in the Na+ sensing less vulnerable to the interfering 
MB+ ion. 

3.2. Effects of PEG doping 

THF solutions of MMM without PEG and MMMs with 10 % and 20 % 
of PEG are transparent as seen in Fig. 2a. The solution with 30 % of PEG 
is however turbid with visible particles because PEG are not completely 
dissolved in THF. The four Na+-MMMs were conditioned in a 100 μM 
MB+ solution for 10 min to test the partitioning of MB+ ions into the 
Na+-MMMs. As shown in Fig. 2b, the PEG-doped Na+-MMMs all exhibit 
a light blue color in comparison to a much darker blue color observed in 
the control, i.e., the Na+-MMM without PEG doping. Evidently, PEG can 
thermodynamically impede the partitioning process owing to its hy-
drophilicity, which makes the Na+-MMMs less hydrophobic thus having 
lower affinity to the hydrophobic MB+ ions. 

The effect of PEG doping on MB+ partitioning is further examined by 
measuring the EWE of the ISEs produced with the Na+-MMMs in liquid 
with a constant aMB+ = 10 μM. Since ISEs are fabricated with internal 
aqueous solution, i.e., saturated KCl solution (see the inset of Fig. 2c), 
the value of EWE is independent of the standard chemical potential of 
membrane and only depends on the ratio of aMB+ in the aqueous and 
membrane phases, which can be a quantitative measure of the amount of 
MB+ ions partitioned into the Na+-MMM [15,23]. As shown in Fig. 2c, 
EWE becomes more negative with increasing PEG concentration in the 
Na+-MMM. Specifically, EWE is lowered by ~60 mV with 10 % of PEG 
doping, which can be converted to ~10× reduction of aMB+ in the 
Na+-MMM. Further increase of PEG concentration beyond 10 % shows 
less significant effect on EWE, which is consistent with the observed color 
differences of the Na+-MMMs as shown in Fig. 2b. The Gibbs free energy 
change (ΔG) of MB+ partitioning into membranes is calculated using the 

measured EWE with the method in a published paper [24]. The results 
are noted in Fig. 2c. The negative calculated ΔG indicates that MB+ has a 
trend to partition into membrane. The ΔG value increases with higher 
PEG doping concentration, which means that PEG doping is capable to 
suppress the MB+ partitioning. 

3.3. Na+ ISFET sensors 

The selectivities of Na+-sensors are characterized by measuring their 
responses to interfering ions (MB+). Fig. 3a depicts the VTH shift (ΔVTH) 
versus aMB+ for different Na+-sensors. Hereafter, Na+-sensors function-
alized with Na+-MMM-control, Na+-MMM-10 %, Na+-MMM-20 %, and 
Na+-MMM-30 % will be referred as Na-control, Na-10, Na-20, and Na- 
30, respectively. The measurements were conducted in a 1 mM NaCl 
background electrolyte to maintain a constant ionic strength of the 
primary ion. The Na+-sensor with higher PEG doping in the MMM shows 
lower responses to the increased aMB+ . To extract the selectivity coeffi-
cient KNa, MB, response curves in Fig. 3a are fitted with Eq. (1) The fitting 
curves are shown as dashed lines in Fig. 3a and the extracted KNa, MB are 
summarized in Table 2. PEG incorporation clearly improves the selec-
tivity of the Na+-MMMs against the hydrophobic molecular ions, i.e., 
MB+, as evidenced by the reduction in KNa, MB. In particular, KNa, MB for 
Na-20 and Na-30 is reduced by more than an order of magnitude in 
comparison to that of the Na-control. 

Na+ sensing with the Na+-sensors is conducted to evaluate possible 
adverse effect of PEG doping. Fig. 3b plots ΔVTH versus aNa+ for different 
Na+-sensors. The response curves of Na-control, Na-10, and Na-20 

Fig. 2. Images of (a) Na+-MMM THF solutions with different PEG concentra-
tions and (b) Na+-MMMs on glasses after conditioning in a 100 μM MB+ so-
lution for 10 min. (c) EWE of ISEs fabricated with Na+-MMMs measured in a 10 
μM MB+ solution. The calculated ΔG values of MB+ partitioning into different 
membranes are also noted. The EWE was recorded for 5 min for each ISE to 
check the ISE stability. Inset: schematic of EWE measurement arrangement. 

Q. Hu et al.                                                                                                                                                                                                                                      



Sensors and Actuators: B. Chemical 328 (2021) 128955

4

basically overlap, showing a near-ideal sensitivity of 60 mV/decade of 
aNa+ and a lower detection limit of ~ 60 μM. The results demonstrate 
that PEG doping has negligible adverse effects on Na+ detection for Na- 
10 and Na-20. However, further increase of PEG doping in the Na+- 
MMM may lead to deterioration in sensing performance, particularly in 
the high aNa+ region, as revealed by the response curve of Na-30. The 
significant deviation from Nernstian response for the Na-30 when aNa+ is 
above 10 mM arises from the co-extraction of Na+ and Cl− ions from the 
liquid sample into the MMM, leading to the so-called Donnan failure 
[23]. The co-extraction process will likely be enhanced by the presence 
of PEG in the MMM due to the reduced hydrophobicity which facilitates 
the extraction of Cl− ions into MMM. Such issue can be mitigated by 
further optimization of the MMM composition, e.g., ionophore to ionic 
site ratio [23]. 

Further, a series of experiments are conducted to exam the effects of 
PEG doping on the selectivity to K+, detection limit, and reversibility of 
Na+ sensors. In Figure S1a, the responses of Na-control, Na-10, Na-20, 
and Na-30 to Na+ and K+ are measured. The detection limits of Na+

for different Na+ sensors extracted from Figure S1a are listed in Table 

S1. Table S2 lists the selectivity coefficients to K+ for Na+ sensors 
extracted from Figure S1a with the method in our previous work [5]. 
The results suggest that PEG doping has insignificant effect on the per-
formance of the Na+ sensors in terms of selectivity to K+ and detection 
limit. The reversibility data of Na+ sensors is presented in Figure S2a, 
where the Na+ activity is switched between 100 μM and 300 μM 
repeatedly with 1 mM KCl background solution. The Na+ sensors show 
reversible responses of ~ 22 mV, which is in good agreement with their 
sensitivities as shown in Fig. 3a. To verify the stability of PEG in 
Na+-MMM, same set of measurements were conducted again after the 
Na+ sensors have been stored in 10 nM NaCl solution for 5 days. The 
results are presented in Figure S1b, Table S1, Table S2, and Figure S2b. 
The performances of the Na+ sensors are quite stable within 5 days, 
which confirms that the extrusion effect of PEG from membrane is 
negligible. 

3.4. Multiplexed analysis 

Finally, multiplexed detection of MB+ and Na+ ions in a single liquid 
sample is conducted, using the Na+-sensor with improved selectivity. 
The MB+- and Na+-sensors are integrated on the same chip by manually 
drop-casting two MMMs onto the sensors. In current experiment, Na-20 
is selected as the Na+-sensor. As shown in Fig. 4, aMB+ in the liquid 
sample is first increased from 1 to 10 μM and then from 10 to 100 μM 
while aNa+ is 100 μM and remains the same. Correspondingly, the MB+- 
sensor shows ΔVTH of 65.3 and 52.3 mV while the responses of the Na+- 
sensor are negligible. The sensitivity of the MB+-sensor based on MOSC 
1-Co is in good agreement with our previously reported results [5,15]. 
Afterwards, aNa+ in the sample is increased from 100 to 300 μM and then 
from 300 μM to 1 mM, and the corresponding ΔVTH of the Na+-sensor is 
22.7 and 30.5 mV. With these changes, the VTH of the MB+-sensor re-
mains unaltered. In our previous work, multiplexed detection was per-
formed with aMB+ only up to 7 μM, above which the hydrophobic MB+

ions will not only generate false response on the Na+-sensor but also 
strongly reduce the sensitivity of the Na+-sensor [5]. The PEG incor-
poration into the Na+-MMM clearly suppress such cross-interference and 
greatly improve the tolerance of the Na+-sensor to the presence of the 
MB+ ion. As a result, the multiplexed detection can be performed in a 
much wider aMB+ range, i.e., from 1 to 100 μM. It should be noted that 
the experimental design for the detection of MB+ and Na+ ions illus-
trated in this work is a proof-of-concept demonstration. We anticipate 
that the demonstrated PEG doping strategy to reduce the interference of 
hydrophobic interactions to the MMM-based ion sensor will not be 
limited to the particular ions studied in this work and will be generally 
applicable in other MMM based sensors. 

Fig. 3. ΔVTH versus (a) aMB+ in 1 mM NaCl and (b) aNa+ in 1 mM KCl for 
different Na+-sensors. In (a), solid and dashed lines represent measured and 
fitting results, respectively. 

Table 2 
Extracted KNa, MB for different Na+-MMMs.  

MMM Na+-MMM- 
control 

Na+-MMM- 
10% 

Na+-MMM- 
20% 

Na+-MMM- 
30% 

KNa, MB 25 8 2 0.9  

Fig. 4. Multiplexed detection of Na+ (red) and MB+ (black) ions in one liquid 
sample with a background of 1 mM KCl. The MB+ sensor is functionalized by 
MB+-MMM and the Na+ sensor by Na+-MMM-20 %. 
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4. Conclusions 

In conclusion, doping PEG to the MMM can reduce its affinity to 
hydrophobic ions, which leads to much reduced interference from the 
hydrophobic interactions to the MMM based ion sensor. Such effects are 
evidenced by significantly improved selectivity of the Na+-sensors to the 
MB+ interference. The improved selectivity of the Na+-sensor greatly 
expands the dynamic range in multiplexed detection of molecular (MB+) 
and elemental (Na+) ions in the same liquid sample. 
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