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 We systematically investigated the drift of ion-selective field-effect transistors (ISFETs) 
using a series of polyurethanes as a polymer matrix. Drift is one of the shortcomings of ISFETs 
that adopt a polymeric ion-selective membrane. The drift is caused by the pH change in the 
aqueous layer between the ion-selective membrane and the pH-sensitive gate of the ISFET. We 
previously reported NO3

−-ISFETs with a novel polyurethane P7281-PU, which give specific 
stable values. This polyurethane showed less drift than conventional polyvinyl chloride. We 
considered that the urethane bonds in the ion-selective membrane might capture the diffused H+ 
or OH− ions that induce the drift. In this study, we investigate a polyurethane composed of an 
ion-selective membrane and consider how the condition and performance of the ion-selective 
membrane affect the drift. We selected eight types of polyurethane with almost the same 
composition as P7281-PU for comparison. We confirmed a narrower variation range of 4.5 mV/h 
from ISFETs with polyurethane P7293-PU than those of 33.7 mV/h from PVC and 5.0 mV/h from 
P7281-PU through drift tests using artificial saliva. From the tests, we also confirmed that the 
drift prevention effect might be caused by the ion-trapping sites generated with the hydrolysis of 
the urethane bonds.

1. Introduction

 Mental stress measurement is an important issue, because mental stress is associated with 
various diseases and physical disorders. The diathesis-stress model may provide evidence for a 
disease pathogenesis of depression. According to this model, depression is associated with 
genetic vulnerability of the central nervous system and external environmental stress.(1−4) 
Therefore, we aim to detect mental workload in point-of-care testing (POCT) and create a 
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portable device for anyone to easily obtain diagnosis results of stress measurement. We consider 
that the portable device can convert stress into numerical values to clarify the stress state and 
that this device will contribute to increasing our quality of life. 
 Conventionally, mental stress is evaluated by subjective psychological tests such as the 
Profile of Mood States (POMS) and Cornell Medical Index (CMI).(5) We aim to establish an 
objective method for quantitative mental workload evaluation. Regarding objective biochemical 
methods, researchers have focused on the stress markers in body fluids such as serum, urine, 
and saliva.(6−8) In particular, blood contains the typical stress markers of adrenaline and 
noradrenalin,(9,10) which are expected to be useful stress markers. However, blood cannot be 
collected non-invasively. In contrast, blood-borne saliva can be collected non-invasively. 
Therefore, we focused on saliva as an effective body fluid that includes various stress markers 
such as blood to measure acute stress.(11) Finally, we selected the concentration of NO3

− in saliva 
as an indicator of stress, a higher NO3

− concentration indicating higher stress.
 One of the nitric oxide (NO) metabolites in blood is NO3

−, and salivary NO3
− is secreted 

through the salivary gland from blood.(12) NO is an endothelium-derived relaxing factor (EDRF) 
produced in response to the vascular tone by the autonomic nervous system.(13) In brief, salivary 
NO3

− is controlled by the autonomic nervous system and is expected to have a more rapid 
response to mental workload than other stress markers in the body.(14) On the other hand, other 
salivary stress markers such as cortisol, immunoglobulin A, chromogranin A, and α-amylase are 
not suitable for on-site stress monitoring; these stress markers are mainly measured by enzyme-
linked immunosorbent assay (ELISA), which requires a long time to obtain results.(15−18)

 As measurement devices, we adopted NO3
− ion-selective field-effect transistors (NO3

−-
ISFETs), which indicate the NO3

− concentration in a target liquid (here saliva). ISFETs require 
only 1 ml of saliva without post-measurement analysis to obtain values. In fact, NO3

−-ISFETs 
can obtain NO3

− concentration values from on-site analysis within 10 s. On the other hand, 
NO3

−-ISFETs have the shortcoming of drift in salivary measurement, where their response 
values to saliva fluctuate owing to some phenomena. Owing to the major problem of drift, no 
researchers have shown interest in the measurement of salivary ions using ISFETs; other drift 
studies were performed without using saliva and did not require long-time measurement. From 
our preceding studies to evaluate mental workload with NO3

−-ISFETs,(19,20) we realize that 
conventional ISFETs require calibration every after measurement to show accurate values. We 
aim to develop new NO3

−-ISFETs without drift for long-term saliva immersion. To prevent drift, 
we have focused on the polymer component of a specific membrane on NO3

−-ISFETs called an 
ion-selective membrane (ISM). 
 Regarding other drift prevention studies related to ISFETs, Fogt et al. reported that drift is 
caused by a pH change in the aqueous layer between the ISM and the pH-sensitive gate of 
ISFETs.(21) Patrick et al. reported that drift involves H+ ions (generated by CO2

− gas + H2O) and 
an organic acid, and H+ ions approach the aqueous layer between the ISM and the gate interface 
through the ISM.(22) We assume that this drift may also occur in our study, because saliva 
includes HCO−.
 On the other hand, Abramova et al. considered that drift is caused by the adsorption of blood 
protein on the ISM surface.(23) ISFETs based on conventional polyvinyl chloride (PVC) show 
drift in the measurement of blood plasma. Saliva contains several proteins and its pH is 
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approximately 7.(24) We consider that salivary proteins are absorbed onto the membrane, and H+ 
or OH− are diffused in the membrane and change the pH in the aqueous layer between the gate 
of the ISFET and the membrane. 
 Therefore, we assume that salivary nitrate derived from blood will show an unstable response 
to blood plasma. To reduce the drift of ISFETs, previous studies involved inserting an inner layer 
between the ISM and the gate interface, for example, a pHEMA-gel saturated buffer, Ag/AgCl, 
or a H+-selective membrane or parylene.(22,25−27) Other studies reported that the formation of an 
aqueous layer was prevented by improving the adhesion between the ISM and the gate 
interface.(28)

 Our previously hypothesized drift prevention effect of the P7281-PU matrix membrane is 
shown in Fig. 1. We previously reported on drift and the hypothesis that the ISM on ISFETs 
composed of P7281-PU prevents drift.(29) ISFETs based on the reported polyurethane (P7281-
PU) showed a more stable response than those based on conventional PVC and other 
polyurethane-based matrices (Pellethane® and KP-13). 
 In this study, we investigated the hypothesized drift prevention effect of P7281-PU in our 
previous paper. We prepared eight types of polyurethane, P7281-PU and seven other 
polyurethanes with the same backbone as P7281-PU but different molecular weights. We focused 
on the physical characteristic of the polyurethane matrix because we could not describe the drift 
with our previous hypothesis. We found that when a hydrophilic polyurethane matrix was 
employed, drift occurred as a result of the physical cracking of the membrane structure by the 
drift-tested solution. The surface of each membrane was observed using an optical microscope 
before and after the drift. We proposed our improved drift hypothesis based on the hydrolysis of 
urethane bonds and the miscibility between the liquid membrane and the polymers.

2. Materials and Methods

2.1 Materials 

 PVC (n = 1020) was purchased from Kishida Chemical (Osaka, Japan). A series of P72XX-
PU polymers (P7276-PU, P7277-PU, P7283-PU, P7286-PU, P7287-PU, P7290-PU, P7293-PU, 

Fig. 1. (Color) Hypothesized urethane bond capture of H+ and OH− by hydrogen bonds (in whole saliva) from our 
previous report.(29)
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and P7281-PU) were purchased from Polymer Source (Dorval, QC, Canada). The P72XX-PU 
series were synthesized from 4,4’-methylenebis(phenyl isocyanate) (MDI), poly(propylene 
oxide) (PPO), and Bisphenol A ethoxylate (BPAEO). We chose this series because P7281-PU and 
the other polyurethanes with the same backbone structure (Fig. 2) have different molecular 
weights. The physical properties and chemical structure of the P72XX-PU series were obtained 
from a data sheet; the structure is shown in Fig. 2 and the molecular weights of the series are 
summarized in Table 1. P7281-PU has a much higher molecular weight than the others. These 
materials were used for the membrane matrix. Bis(bathocuproin)-copper (Ⅰ) nitrate ([Cu(bcp)2]
NO3) was synthesized as described in Ref. 8 and used for the ionophore. 2-nitrophenyl dodecyl 
ether (NPDDE) was purchased from Fujifilm Wako Pure Chemical (Osaka, Japan) and used to 
enhance hydrophobicity and the adhesiveness to an ISM.(30) Tetrahydrofuran (THF), KNO3, 
NaCl, KCl, KH2PO4, urea, Na2SO4, NH4Cl, CaCl2∙2H2O, NaHCO3, KI, KSCN, and NaNO2 
were purchased from Wako Pure Chemical (Osaka, Japan). THF was used as a volatile solvent to 
dissolve the nitrate ionophore, plasticizer, and membrane matrix. These chemicals were 
analytical grade, except for NaNO2, which was volumetric analysis grade. All standard solutions 
and artificial saliva were prepared with Milli-Q water (18.2 M∙Ωcm).

2.2 Preparation of NO3
−-ISFETs

 The nitrate-selective membrane was prepared by mixing 5 wt% of the nitrate ionophore 
([Cu(bcp)2]NO3), 65 wt% of the plasticizer (NPDDE), and 30 wt% of the membrane matrix. 
Then, they were completely dissolved in the THF solution at room temperature. NO3

−-ISFETs 
were prepared by casting the THF solution above the gate of the specially ordered pH-ISFETs 

Fig. 2. (Color online) Structure of P72XX-PU series.

Table 1
Molecular weight and monomer rate of each polyurethane.
Polyurethane MDI PPO BPAEO Mn Mw
P7281-PU 1.35 0.82 0.41 55200 259400
P7276-PU 1.35 1.18 0.49 14100 25400
P7277-PU 1.8 0.91 0.79 22400 49700
P7283-PU 1.35 0.93 0.38 5700 10800
P7286-PU 1.8 0.74 0.56 18500 40700
P7287-PU 1.8 0.91 0.79 10600 28400
P7290-PU 1.35 1.47 0.25 11400 18200
P7293-PU 1.8 0.7 0.54 10600 16900
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(S2K922: ISFETCOM Co., Ltd.) using a pipette tip (Fig. 3). The gate of ISFETs consists of a H+-
selective metal oxide, for example, Ta2O5, SiO2, or S3N4. In this study, we used the Ta2O5 gate 
part on the ISFETs, which shows a stable response for pH sensing over hundreds of hours.(31) We 
also used a single-junction reference electrode (R2K712: ISFETCOM Co., Ltd.), which shows a 
stable response during tens of hours of pH measurement.(32) The reference electrode consisted of 
a Ag/AgCl electrode and saturated KCl solution to connect with the sample via a ceramic liquid 
junction.
 The casting process was repeated several times. The gate of the ISFETs was filled with THF 
solution. The THF solution on the gate evaporated in the clean space (Pure space 01; AS ONE; 
Osaka, Japan). The nitrate-selective membrane had a thickness of ca. 0.2 mm and a flat surface. 
The NO3

−-ISFETs were completely dried over 8 h. The ISMs of the NO3
−-ISFETs were immersed 

in a conditioning solution of 10−3 M KNO3 for about 3 h.

2.3	 Evaluation	of	calibration	curves	and	selectivity	coefficients	for	NO3
−-ISFETs

 We systematically studied the sensitivity and selectivity for the ISMs based on PVC, KP-13, 
P7281-PU, P7276-PU, P7277-PU, P7283-PU, P7286-PU, P7287-PU, P7290-PU, and P7293-PU. 
Calibration curves and selectivity coefficients of the NO3

−-ISFETs were evaluated using the 
Nikolsky–Eisenman equation [Eq. (1)]. Here, E is the gate potential of the NO3

−-ISFET, E0 is the 
standard potential of the NO3

−-ISFET, Zi and Zj are the changes in the concentrations of the 
target ion i (NO3

−) and the interfering ion j, and coefficients ai and aj are their activities, 
respectively.

 ( )  /
0 2.303 / ln i jZ Zpot

i i ij jE E RT Z F a K a = + + 
 

 (1)

 R, T, and F have their conventional meanings. According to the theoretical response at 25 ℃, 
the slope sensitivity of the NO3

−-ISFET is the change in the activity (ai), which is −59.16 mV per 
decade. The coefficients ai were calculated from the Debye–Hückel equation based on simple 
ionic strength theory. Kij

pot is the selectivity coefficient of the NO3
−-ISFET having interfering 

Fig. 3. (Color online) pH-sensitive pH-ISFETs and accessory cap.
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ion j and is evaluated by the mixed-solution method, which gives a reliable selectivity parameter. 
The potential responses were measured for KNO3 solution, including five types of general 
interfering ions: 5.0 × 10−1 mol/L (M) NaCl, 5.0 × 10−1 M Na2SO4, 5.0 × 10−2 M NaNO2, 5.0 × 
10−5 M KI, and 5.0 × 10−5 M KSCN.

2.4 Evaluation of initial drift for NO3
−-ISFETs

 We carried out drift tests to determine the stability of the NO3
−-ISFETs along with their 

sensitivity and selectivity. The initial drift was evaluated by examining the potential value of the 
NO3

−-ISFETs immersed in each solution for about 8 h. Three different solutions, 1.0 × 10−3 M 
KNO3 (standard solution), mucin solution, and artificial saliva, were prepared for the drift tests. 
The mucin solution was prepared by adding 0.5 wt% mucin to the standard solution. Artificial 
saliva contains salivary inorganic salts and urea and includes 2.15 mM NaCl, 12.9 mM KCl, 
4.81 mM KH2PO4, 0.33 mM urea, 2.37 mM Na2SO4, 3.33 mM NH4Cl, 1.55 mM CaCl2∙2H2O, 
7.51 mM NaHCO3, and 1.0 mM KNO3. We changed the ISM in every drift test. The drift test 
was performed several times for each type of sample.

2.5 Observation of ISM before and after drift

 We observed eight types of polyurethane membranes to elucidate the hypothesized drift 
prevention effect of P7281-PU. The surfaces of the ISMs were observed using an optical 
microscope (KH-8700; HIROX Co., Ltd., Tokyo, Japan) before and after drift measurement in 
KNO3 standard solution. After the drift measurement, the ISM on the gate was washed with 
Milli-Q water. Then, the membranes were observed using an optical microscope. Figure 4 shows 
one of the ISFETs, where we observed optical images from the surface of its gate covered by the 
ISM. 

3. Results and Discussion

3.1	 Calibration	curves	and	selectivity	coefficients

 We systematically studied the sensitivity and selectivity of the ISFETs based on PVC, P7276-
PU, P7277-PU, P7283-PU, P7286-PU, P7287-PU, P7290-PU, P7293-PU, and P7281-PU. The 
calibration curves of the NO3

−-ISFETs are shown in Fig. 5, where the x-axis is the logarithm of 
the nitrate activity and the y-axis is the potential difference. NO3

−-ISFETs based on PVC, P7276-
PU, P7277-PU, P7286-PU, P7293-PU, and P7281-PU showed approximately the same linear 
response range from 10−5 to 10−1 mol/L (M)(29) and had close to the theoretical slope response of 
59.2 mV/decade at 25 ℃ according to the Nernst equation. The concentration range of salivary 
nitrate is approximately 10−4 to 10−3 M.(33) Therefore, these ISFETs may be suitable for the 
determination of salivary nitrate. On the other hand, the NO3

−-ISFETs based on P7283-PU, 
P7287-PU, and P7290-PU did not show reproducibility due to the unstable sensor responses. 
Therefore, we did not perform experiments on the unstable NO3

−-ISFETs to measure their 
selectivity coefficients and drift. Table 2 shows the slopes in the linear response range. 
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Fig. 4. (Color online) Details of ISFET and optical image of ISM.

Fig. 5. (Color online) Calibration curves.

 The selectivity coefficients Kijpot of the NO3
−-ISFETs were calculated using the Nikolsky–

Eisenman equation and measured by the mixed-solution method for five typical interfering 
anions (Cl−, SO4

2−, NO2
−, I−, SCN−). Their results are summarized in Table 3 and follow the 

well-known Hofmeister series. The NO3
−-ISFETs based on the P72XX-PU series exhibited 

sensitivity and selectivity, similarly to the ISFETs based on conventional PVC and P7281-PU.(29) 

Table 2
Slope of the calibration curves (n = 3).

Polymer matrix Slope of the linear 
response range (mV/decade)

PVC 61.1 ± 2.3
P7281-PU 61.5 ± 0.70
P7276-PU 64.1 ± 5.5
P7277-PU 51.1 ± 4.0
P7286-PU 57.2 ± 10.8
P7293-PU 65.7 ± 0.70
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Therefore, the potential of NO3
−-ISFETs is determined by their nitrate ionophore ([Cu(bcp)2]

NO3) and plasticizer (NPDDE) but not their membrane matrix. The non-reproducible response 
of the ISFETs based on P7283-PU, P7287-PU, and P7290-PU may have been caused by 
miscibility among the ionophore, plasticizer, and polymer. These phenomena were not observed 
for our previous polymer of P7281-PU.(29)

3.2 Evaluation of initial drift

 Figure 5 shows the drift characteristics of the NO3
−-ISFETs based on PVC, P7281-PU, and 

the P72XX series under various conditions. The x-axis is the logarithm of time, and the y-axis is 
the potential difference. The results of drift are arranged with different starting points to 
understand the potential fluctuation. Figure 6 shows the drift with NO3

−-ISFETs based on the 
P72XX-PU series, and the potential indicator was inserted for easy comparison of the 
membranes from each potential difference.
 We observed that the drift characteristics were almost the same for the several types of 
samples. In the standard solution, all NO3

−-ISFETs showed a comparatively stable response [see 
Fig. 6(a)] excluding the ones based on P7276-PU. The ISFETs based on P7276-PU did not show a 
stable response in all solutions. In mucin solution, the ISFETs based on PVC showed drift, but 
the other ISFETs based on the P72XX-PU series showed a comparatively stable response [see 
Fig. 6(b)]. The ISFETs based on P7293-PU showed the most stable response in the P72XX-PU 
series. Therefore, mucin, one of the salivary proteins, has less influence on the drift for the 
NO3

−-ISFETs based on PVC than for the NO3
−-ISFETs based on the P72XX-PU series.

 In sodium bicarbonate solution, the NO3
−-ISFETs based on P7281-PU and P7293-PU showed 

a similar stable response [Fig. 6(c)]. On the other hand, the NO3
−-ISFETs based on PVC showed 

drift, and the NO3
−-ISFETs based on P7276-PU, P7277-PU, P7286-PU, P7293-PU showed 

slightly less drift. In artificial saliva, all ISFETs except for those based on P7281-PU and P7293-
PU showed drift [Fig. 6(d)]. Figures 6(c) and 6(d) suggest that the drift may be caused by 
bicarbonate ions, because artificial saliva includes sodium bicarbonate. For the drift in artificial 
saliva, the variation range was calculated to be 33.7 ± 2.8 mV/h for PVC, 5.0 ± 0.63 mV/h for 
P7281-PU, 4.5 ± 2.3 mV/h for P7293-PU, 8.5 ± 2.9 mV/h for P7276-PU, and 6.4 ± 0.62 mV/h for 
P7277-PU (n = 3). The ISFETs based on P7281-PU and P7293-PU showed the most stable drift 
prevention effect of the membrane matrix.

Table 3
Selectivity coefficients, 

3NO ,
.log pot

j
K −

Polymer matrix Selectivity coefficients,
3NO ,

.log pot
j

K −

I SCN NO2 Cl SO4
PVC 0.80 1.05 −1.53 −2.50 −4.15
P7281-PU 0.76 0.92 −1.56 −2.52 −4.21
P7276-PU 0.80 0.85 −1.51 −2.30 −4.12
P7277-PU 0.86 0.96 −1.50 −2.45 −4.18
P7286-PU 0.74 1.06 −1.38 −2.27 −4.34
P7293-PU 0.84 1.11 −1.42 −2.23 −4.28
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 Furthermore, the ISFETs based on P7293-PU showed a more stable response than the NO3
−-

ISFETs based on P7281-PU in mucin solution.

3.3 Optical images of surface of ISFETs before and after drift measurement

 We visually observed the surface conditions of the membranes with the NO3--ISFETs based 
on the P72XX-PU series.  The surfaces of the ISFETs using PVC and the P72XX-PU series were 
observed by optical microscopy before and after the drift measurement in the standard solution. 
All images are shown in Fig. 7.
 The surfaces of the membranes including P7283-PU, P7287-PU, and P7290-PU [Figs. 7(e), 
7(g), and 7(h), respectively] were considerably different from that of the membrane including 
PVC [Fig. 7(a)]. The NO3

−-ISFETs based on P7283-PU, P7287-PU, and P7290-PU did not show a 
reproducible response because the membrane was cracked. Furthermore, the surfaces of P7276-
PU, P7277-PU, and P7286-PU, which showed a reproducible drift response, were slightly 

(a) (b)

Fig. 6. (Color online) Drift characteristics of NO3
−-ISFETs: (a) in standard solution, (b) in standard solution with 

0.5 wt% mucin, (c) in standard solution with 10 mM sodium bicarbonate, and (d) in artificial saliva.

(c) (d)
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Fig. 7. (Color online) Images of surfaces of ISFETs based on PVC and P72XX-PU series before and after the drift 
measurement. (a) PVC, (b) P7281-PU, (c) P7276-PU, (d) P7277-PU, (e) P7283-PU, (f) P7286-PU, (g) P7287-PU, (h) 
P7290-PU, and (i) P7293-PU.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

changed after the drift evaluation [see Figs. 7(c), 7(d), and 7(f), respectively]. The surface of 
P7293-PU was slightly changed, but the ISFETs based on P7293-PU showed the most stable drift 
response among the NO3

−-ISFETs (see Sect. 3.2). The surfaces of PVC and P7281-PU did not 
change [Figs. 7(a) and 7(b), respectively], and the ISFETs based on P7281-PU showed a stable 
drift response. 
 These results cannot be described in terms of our previous hypothesis(29) that H+ or OH− ions 
are captured in urethane bonds to prevent a pH change in the gate and the membrane interface of 
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the ISFETs. In this study, the drift characteristics show a gradual fluctuation, probably 
depending on the pH change; however, the NO3

−-ISFETs based on P7276-PU, P7277-PU, and 
P7286-PU showed more rapid upward and downward drifts [see Figs. 6(c) and 6(d)].
 We consider that the NO3

−-ISFETs based on the polyurethane matrix are controlled by the 
hydrolysis of the urethane bonds. The pH change in the aqueous layer between the gate and the 
ISM is prevented because the urethane bonds are hydrolyzed by the diffused H+ or OH−. 
However, the membrane structure is cracked by the urethane hydrolysis. Furthermore, we 
consider that the number of ion-trapping sites is increased by hydrolyzation. Therefore, the ratio 
of urethane bonds and the compatibility between the plasticizer and ISM are important. Since 
P7293-PU contains the most benzene ring structures, it leads to a high affinity for plasticizers, 
with its ion sensitivity maintained even after drift evaluation. P7281-PU has a high molecular 
weight with many urethane bonds to maintain its sensitivity. On the basis of the above discussion, 
we have improved our conventional hypothesis (Fig. 8): the hydrolysis of urethane bonds inhibits 
the diffusion of hydroxide ions, and the plasticizers contained on the ISM surface react with the 
nitrate. In the future, we hope to verify our hypothesis by analyzing the surface of the ISMs and 
observing its change over time. 

4. Conclusions

 We found that the ISFETs based on P7281-PU and P7293-PU are most effective for preventing 
drift, as shown in Figs. 6 and 7. Furthermore, mucin was less easily adsorbed on the surface of 
P7293-PU than on the surface of P7281-PU, because the hydrolysis of P7293-PU was faster than 
that of P7281-PU. In conclusion, we evaluated the hypothesis of the prevention effect of P7281-
PU and other polyurethanes with the same backbone structure and different molecular weights. 
We found that the NO3

−-ISFETs based on P7293-PU showed less drift than those based on 
P7281-PU.
 We consider that the drift and other sensor characteristics were controlled by the urethane 
hydrolysis. According to our hypothesis, the pH change in the aqueous layer between the gate 
and the ISM (one of the causes of the drift) is prevented because the urethane bonds are 
hydrolyzed by the diffused H+ or OH−. 

Fig. 8. (Color online) Hypothesis of urethane hydrolysis and ion sensing on cracked surface.
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 In the future, we will evaluate the drift characteristics of NO3
−-ISFETs in real saliva samples. 

We will attempt to clarify the drift and the characteristics of the ISM. For this purpose, we will 
use the PVC-based ISM because of its simple structure compared with that of polyurethane at 
various pH values. Such work will contribute toward enabling the sensing of stress from human 
salivary ions.
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