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A B S T R A C T   

Ion-sensitive field-effect transistor (ISFET) as a biosensor facilitates a process of data-acquisition through label- 
free and real-time monitoring. Direct quantification of a biomarker in serum is challenging in ISFET biosensor 
since charged proteins in serum interfere transduction to electrical signals. Here, we report the fabrication of 
protein blocking layers (PBLs) with intended interfacial charges to minimize non-specific protein bindings on 
ISFET. Use of charged protein precursors enables to regulate the interfacial charge of PBLs, preserving their 
intrinsic electric features (neutral: hemoglobin, positively charged: lysozyme, negatively charged: BSA). The 
effect of this interfacial charge on the signal was demonstrated through PSMA (prostate cancer biomarker) 
sensing using a dual-gate ISFET biosensor. The neutral PBL showed the minimum noise compared to the 
negatively and positively charged PBLs, enabling the ISFET to exhibit the same detection range in untreated 
serum as with pre- or post-treatment (1 fg/ml to 100 ng/ml). The introduction of neutral PBLs to ISFET bio
sensors would allow the application of the ISFET biosensor as a point-of-care device.   

1. Introduction 

Precise transduction of a specific biological event into electric signals 
using ion-sensitive field-effect transistors (ISFETs) is a potential means 
of diagnosing infections, diseases, and cancers by an electronic device 
(Choi et al., 2017b; Hwang et al., 2017; Kaisti, 2017; Maehashi et al., 
2007; Nakatsuka et al., 2018). However, it is challenging to directly 
detect a biomarker in serum that contains 20,000 proteins since unde
sirable protein bindings interfere with electrical signals (De et al., 2009). 
Nonspecifically absorbed proteins on the sensing membrane of ISFETs 
not only induce noise but also shorten the Debye screening length 
(<1 nm) by increasing a local accumulation of ions due to their intrinsic 
charge (Chu et al., 2017; Syu et al., 2018). Pre-treatment, such as 
filtration, desalting, and dilution of a serum, or post-treatment including 

washing, can address this problem, but these procedures complicate the 
measurement protocol, increasing the possibility of diagnostic errors. 
Additionally, the post-treatment process diminishes benefits of real-time 
detection in ISFET sensors (Choi et al., 2017a). 

Introduction of blocking layers on ISFET biosensors can be an 
approach to inhibit non-specific protein bindings on the sensing mem
brane. For the fabrication of blocking layers, various methods that use 
synthetic materials (ethanolamine, polyethylene glycol, and surfactants) 
(Aliakbarinodehi et al., 2017; Hao et al., 2017; Hsiao et al., 2009; Huang 
et al., 2015; Regonda et al., 2013; Villamizar et al., 2008), natural ma
terials (BSA or casein) (Basu et al., 2018; Gong et al., 2019; Hideshima 
et al., 2012; Presnova et al., 2017), or their combinations (Andoy et al., 
2018; Cheng et al., 2014; Gao et al., 2016; Gutierrez-Sanz et al., 2017; 
Rajesh et al., 2016) have been attempted. Among these materials, BSA 
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has been widely employed as a blocking agent due to their enzymatic 
inactivity, abundance in biology, biocompatibility, and stability in many 
biochemical reactions. The BSA layers reduce the surface energy be
tween the sensing membrane and serum that is the main cause of 
non-specific protein binding (Latour et al., 2008). However, the charge 
effect of the blocking layer on sensing signals has not been considered 
yet. The charge of as-prepared blocking layers could induce undesirable 
electrostatic binding between the blocking layer and the serum proteins, 
interfering with the signal (Aramesh et al., 2015; Ruggeri et al., 2013; 
Soler et al., 2014). As-induced noise can be negligible in low sensitive 
ISFET biosensors, but it causes false positives or true negatives in the 
case of ultralow concentration detection using highly sensitive ISFET 
biosensors such as dual-gate transistor-based biosensors (Choi et al., 
2019; Jeun et al., 2017, 2019; Seong et al., 2018). To overcome this 
issue, a systematic study about the charge effects of the blocking layer on 
the signal of highly sensitive ISFET biosensor is required. 

Here, we report the fabrication of protein blocking layers (PBLs) with 
neutral, negatively charged, or positively charged properties to inves
tigate the effect of surface charge of the blocking layer on the signal of a 

highly sensitive ISFET biosensor (Scheme 1). A dual-gate ISFET 
biosensor was used to detect minute signal changes as a result of the 
blocking layers’ charge. As a target protein and receptor, we chose the 
PSMA (prostate cancer biomarker) and its antibody, respectively. The 
PBL consisting of neutral proteins (hemoglobin, Hemo) showed a more 
inhibitory feature of the non-specific binding attributed serum proteins 
than negatively charged (BSA) or positively charged (lysozyme, Lyso) 
PBL, suppressing the generation of noise. As a result, the biosensor with 
the neutral PBLs could detect the PSMA protein in fg/ml range in serum 
without post-treatment while the biosensor with negatively or positively 
charged PBLs could not. The detection range at the biosensor with 
negative or positive PBL was from 0.1 pg/ml to 1 ng/ml in untreated 
serum, but the biosensor with neutral blocking layer has the detection 
range of 1 fg/ml-100 ng/ml. Based on this investigation of blocking 
layers’ charge effect on the signal, the design of blocking layers would 
allow for the direct detection in untreated serum without post- 
treatment, enhancing the sensing performance. 

Scheme 1. Schematic illustration of the PBLs’ charge effect on the ISFET biosensor. (a) Structure of dual-gate ISFET biosensor with sensing part with protein 
blocking layers. Interaction with serum proteins and PBLs consisting of (b) Hemo, (c) BSA, and (d) Lyso. Signal-to-noise ratio in the condition of 1 ng/ml PSMAs at 
with/without antibody by the ISFET biosensor applied PBLs ((e) Hemo PBL, (f) BSA PBL, (g) Lyso PBL). 
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2. Experimental section 

2.1. Materials and reagents 

For the fabrication of the PBLs, human serum (H4522), human he
moglobin (H7379), human lysozyme (L1667), 3-aminopropyltriethoxy
silane (APTES), and glutaraldehyde were purchased from Sigma Aldrich. 
Bovine serum albumin (BSA, 97061-416) was purchased from VWR. For 
the ISFET biosensor, Human PSMA protein (orb245517), and anti-PSMA 
antibody (orb25921) were bought from Biorbyt. For gold nanoparticle 
synthesis, gold(III) chloride trihydrate (HAuCl4⋅3H2O), azobisisobutyr
onitrile (AIBN), thioacetic acid, trimethyl amine (NMe3), mercaptoun
decanoic acid (MUA), and sodium methoxide (NaOMe) were purchased 
from Sigma Aldrich. Sodium borohydride (NaBH4) was purchased from 
Acros Organics. 10-undecenyl bromide was purchased from TCI, Japan. 
For the characterization of the PBLs, highly-oriented pyrolytic graphite 
(HOPG) was obtained from Bruker. Quartz glass (RE.10101, 
10 mm � 10 mm) was purchase from iNexus. 

2.2. Fabrication of dual-gate ISFET biosensor 

The dual-gate ISFET biosensor was consist of two parts including a 
FET device and a sensing part. The FET was fabricated following 
methods described in the literature (Choi et al., 2019; Jeun et al., 2017, 
2019; Park et al., 2017). In brief, a 6-inch p-type (100) silicon wafer 
consisting of a 750 nm buried oxide layer and a 100 nm top silicon layer 
was used. Photolithography and inductively coupled plasma 
reactive-ion etching (ICP-RIE) were employed to define the active re
gion. A 10 nm thick top gate oxide layer was deposited by a dry oxida
tion process. A Ti/TiN/Al/TiN multilayer was grown on the layer via a 
sputtering system, and it was then etched by ICP-RIE to form the gate 
electrode. The arsenic (As) ion implantation formed source and drain 
regions. 

A film on the indium tin oxide (ITO, 300 nm) on glass substrate was 
prepared for the fabrication of the sensing part. For the PDMS wells, 
Sylgard 184’s base and curing agent were formulated with a ratio of 
10:1. As-mixture was cured at 60 �C for 3 h. These PDMS wells were 
attached to ITO after O2 plasma treatment (70 W, 30 sccm of O2 gas flow 
for 1 min, Plasma System Cute, Femto Science). An annealing process 
was carried out at 60 �C for 10 min. 

2.3. Surface modification for PBLs on the sensing membrane 

The OH groups were formed on the surface of the sensing part by O2 
plasma treatment at 70 W for 1 min. Then NH2 groups were introduced 
by dipping the surface in 5% APTES in ethanol for 1 h. After washing, we 
cured the APTES layers at 120 �C for 30 min. To make an amide bond 
with antibodies or proteins, 2.5% glutaraldehyde solution was used to 
treat the APTES layer. The surface was then chemically modified by 
adding antibodies through incubation in 5 μg/mL of antibodies for 1 h at 
room temperature. To fabricate the PBLs on the sensing membrane, we 
incubated the surface in 1% Hemo, BSA, and Lyso solution for 1 h. 

2.4. Surface charge characterization of PBLs 

KPFM: ITO glasses deposited with SnO2 and PBLs were prepared as 
1 cm � 1 cm. The surface potential of PBLs were analyzed with KPFM 
mode using AFM (XE-100, Park Systems). The scan rate and amplitude 
were 0.25 Hz and 2 V, respectively. During the measurement, we used a 
gold-coated silicon cantilever (NSC14/Cr-Au, a force constant of 5 N/m, 
and a resonance frequency of 160 kHz). The measurements were per
formed in a closed chamber for noise reduction under ambient tem
perature and atmospheric conditions. 

Surface zeta potential (SZP): 3 mm � 3 mm ITO glasses deposited 
with SnO2 and PBLs on SnO2 were prepared. The samples were attached 
to a zeta potential cell using double-sided Scotch tape, and then as- 

prepared cells were loaded into the instruments (Zetasizer ZSP, Mal
vern). The measurement duration was automatically adjusted. As a 
tracer, zeta potential transfer standard (� 42 � 4.2 mV, DTS1235, Mal
vern) was used. The zeta potential values were obtained according to the 
distance between tracers and the surface (125, 250, 375, and 500 μm). 
Then the surface zeta value was calculated by extrapolating to zero 
displacement and a tracer zeta potential value of 1000 μm above the 
surface (Fig. S1). 

Charged particle adhesion: 2 nm-gold nanoparticles with nega
tively or positively charged surface ligands were synthesized by multi
step Brust–Schiffrin synthesis coupled with the Murray-place exchange 
reaction (Hostetler et al., 1999). As positively and negatively charged 
ligands, N, N, N-trimethyl-11-sulfanyl-1-undecanaminium chloride 
(TMA), and mercaptoundecanoic acid (MUA) were used, respectively. 
The synthesized positively or negatively charged gold nanoparticles 
were treated on each PBL for 20 min. After washing, we measured the 
ID-VG curve using the ISFET biosensor or carried out the silver staining of 
the PBLs to monitor the electrostatic adhesion of charged gold nano
particles. After silver staining for 30 min, we observed the surface using 
optical microscopy (Leica DM IL LED). 

2.5. Detection of PSMA in serum with the ISFET biosensor 

We used a dual-channel parameter analyzer (4200A-SCS, Keithley) 
to obtain an ID-VG curve using on ISFET. For the ID-VG curve, the 
sweeping voltage of bottom gate and drain voltage were � 5 to þ5 V and 
3 V, respectively. To obtain the standard curve, we plotted the voltage 
change according to the concentration of PSMA (1 fg/mL to 100 ng/mL). 
The initial voltage value was determined as the VG value at 10 nA in ID- 
VG curves. After a 20 min incubation in the PSMA solution, the detection 
voltage was measured at 10 nA. The incubation time was optimized 
(Fig. S2). There was no washing process for the direct quantification in 
serum. For the pre- and post-conditioning process, the VG value was 
measured after washing with a 1 � PBS. FET responses depending on the 
concentration of PSMA were fit to the Hill equation, which is formally 
equivalent to the Langmuir isotherm: Y ¼ Vmax*(Xn)/(Kd

n þ Xn), where 
Vmax is the maximum specific binding extrapolated to high concentra
tions of the target (saturation), X is the target concentration, Kd is the 
target concentration necessary to achieve half-maximum binding at 
equilibrium, and n is the Hill slope, which was allowed to vary. 

3. Results and discussion 

3.1. Fabrication of PBLs 

For probing the charge effect of PBLs on the sensing performance of 
ISFET biosensor, we fabricated three PBLs with different charges on 
sensing part of the ISFET biosensor system. For the neutral, negatively 
charged, and positively charged PBLs, hemoglobin (Hemo, pI ¼ 7.1), 
BSA (pI ¼ 4.8), and lysozyme (Lyso, pI ¼ 11) were employed as protein 
precursors due to their intrinsic charge at pH 7.4. After the formation of 
PBLs, the surface charge of the Hemo PBL, BSA PBL, Lyso PBL, and 
HOPG as a control were examined using KPFM and SZP to confirm the 
retention of the protein precursors’ electrostatic features at the macro
scopic layer. The KPFM measured the local work function difference 
between a metalized probe (Au) and the protein surfaces (Sinensky and 
Belcher, 2007). The histograms of the measured surface potential 
contrast relative to the neutral HOPG substrate. This indicates that 
Hemo, BSA, and Lyso PBLs could preserve their original electrostatic 
features of neutral, negative, and positive surface potentials, respec
tively (Fig. 1a and Fig. S3). From SZP in terms of the distance between 
the PBLs and the charged tracer beads, we calculated the SZP of Hemo, 
BSA, and Lyso PBLs. Hemo PBL showed relatively neutral SZP (2.94 mV) 
while the BSA PBL and the Lyso PBL possessed negative and positive zeta 
potential, showing � 29.8 mV and þ8.5 mV, respectively (Fig. 1b and 
Fig. S1). The charge of PBLs was further examined through 
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charge-selective adhesion of positively and negatively charged gold 
nanoparticles (Fig. S4). The results corresponded with the surface 
charge differences observed by KPFM and ZSP, showing that the surface 
of the PBLs preserved the proteins’ original surface charge. 

We next, investigated the surface roughness of all PBLs using AFM to 
confirm whether the PBLs hinder the binding between a target antigen 
and an antibody. Based on the AFM images of the PBLs, the surface 
roughness of bare SnO2, BSA, Hemo, and Lyso PBL were 2.534, 3.174, 
3.262, and 3.252 nm at the area of 10 μm � 10 μm, indicating that the 
PBLs were well formed without aggregations regardless of the type of 
PBL (Fig. 1c). From the cross-sectional height profile of all PBLs, we can 
assume that the PBLs are unable to hinder antigen-antibody recognition 
considering the size of the antibody (~10 nm) (Fig. 1d). 

To probe non-specific protein binding on each PBL in the untreated 
serum, the amount of adsorbed proteins on the PBL was obtained by 

surface UV-vis spectrometry after the treatment of the serum (Fig. 1e 
and f). We first, fabricated each PBL on quartz glass and measured the 
UV absorbance of the substrate before and after the serum incubation for 
1 h to induce non-specific binding. While UV absorbance of the Lyso PBL 
increased after serum incubation, the absorbance of Hemo PBL and BSA 
PBL showed the negligible change, indicating much more non-specific 
binding occurred with Lyso PBL than others. Since the untreated 
serum contains a large portion of negative proteins, for example~ 60% 
human serum albumin (pI ¼ 4.7), we assumed that the positive surface 
potential of the Lyso PBL induced more non-specific bindings via elec
trostatic interactions. The non-specific binding in the untreated serum 
could be diminished through the regulation of the surface charge po
tential of the PBLs. 

Fig. 1. The surface potential of SnO2 and the PBLs by (a) KPFM and (b) SZP. (c) AFM images of bare sensing surface and PBLs. (d) Height analysis of PBLs. (e) UV-vis 
absorbance of quartz glass with the PBL before/after incubation in untreated serum and mild wash. (f) Absorbance change of PBLs by non-specific binding from 
serum proteins. 
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3.2. Electrical characteristics of ISFET according to PBLs 

To evaluate the charge effect of the PBLs on the signal of the ISFET 
biosensor, we investigated indicators of electrical performance such as 
transfer curves (ID-VG), output characteristic curves (ID-VD), and pH 
sensitivity. We first, prepared the PBLs on the sensing part of the ISFET 
biosensor and then measured the electrical properties in 1 � PBS. ID-VG 
and ID-VD curves were measured by a bottom gate sweep under a dual- 
gate operation (Fig. 2a and b). On/off current ratios and the sub
threshold wing were >106 and 1871 mV/dec respectively, regardless of 
the Hemo, BSA, and Lyso PBLs. The pH sensitivity of the ISFET biosensor 
with the PBLs was determined by measuring the ID-VG curves in pH 4, pH 
7, and pH 10, showing similar pH sensitivity on all PBLs (Fig. 2c–e). 
These results indicate that the formed PBLs are unable to affect the 
ISFET electrical performance, for the inference that the signal difference 
between the PBLs was only caused by the non-specific bindings on the 
PBLs in the same measurement conditions. 

3.3. Signal stability according to PBLs in measurement condition 

During a sensing process, electrolytes usually generate voltage drift 
error in ISFET biosensors, affecting a detection signal (Aliakbarinodehi 
et al., 2017). A blocking layer can alleviate the voltage drift error in an 
ISFET biosensor. To examine the reducing effect of drift error in each 
PBL, we measured the voltage change (ΔVBG) in untreated serum incu
bated for 20 min, considering the direct measurement in serum (Fig. 3a). 
Among PBLs, the voltage change of the Hemo PBL showed the lowest 
(170 � 11 mV), while the Lyso PBL showed the highest (270 � 25 mV). 
In 1 � PBS (Fig. 3b) and in serum that underwent washing (Fig. 3c), the 
signal drift of each PBL also was evaluated considering the 
pre-conditioning, such as buffer change or dilution, and the 
post-conditioning. In these two conditions, the neutral Hemo PBL 
showed the lowest voltage change, demonstrating the PBLs’ neutral 
feature effectively inhibits the drift error. In contrast, the negative BSA 
PBL and positive Lyso PBL attracted oppositely charged ions and 

proteins which increased the drift. 
We hypothesized that the charged PBLs attract the materials with 

counter-charge, and were then recognized as a signal in ISFET biosensor. 
As a model system for the demonstration, we used positively (TMA) and 
negatively (MUA) charged gold nanoparticles to mimic the charged bio- 
entities (Cho et al., 2017; Saha et al., 2012). When the MUA and TMA 
nanoparticles were treated in the biosensor, the biosensors with Lyso 
PBL and the BSA PBL showed the highest drift error, respectively as 
expected (Fig. 3d and e). Meanwhile, in both environments, the Hemo 
PBL exhibited the lowest drift error, supporting our hypothesis (Fig. 3f). 

3.4. Signal sensitivity according to PBLs in various measurement 
condition 

To confirm the enhancement of the sensing performance upon 
regulating the surface charge of PBLs, we measured the voltage change 
from ID-VG curve as a signal in terms of PSMA concentration (1 fg/ml- 
100 ng/ml). In the direct measurement in untreated serum, the 
biosensor with Hemo PBL could detect PSMA at 1 fg/ml, while the 
detection limit of the biosensor with BSA and Lyso PBLs was 100 fg/ml. 
This indicates that non-specific binding induced by the surface charge of 
PBLs interfered the signals. The ISFET biosensor with Hemo PBL was 
more sensitive at all concentrations compared to the BSA and Lyso PBLs 
except the BSA PBL at 1 ng/ml (Fig. 4a and b). Considering the pre- 
conditioning, we observed the detection signals in the condition of 
1 � PBS incubation. The detection signals of the biosensor with Hemo 
PBL were the highest in the detection range of 100 fg/ml to 100 ng/ml. 
In these conditions, the ISFET biosensor with BSA PBL could detect the 
PSMAs in 1 fg/ml (Fig. 4c). Additionally, in the 1 � PBS, we calculated 
the ΔVmax and Kd using the Hill-Langmuir equation to investigate the 
PBLs’ charge effect on Debye length. While the biosensor with Hemo 
PBLs possessed 2.07 � 0.12 V (Vmax), the BSA and Lyso PBLs had 
1.71 � 0.17 V, and 0.78 � 0.21 V, respectively, indicating that the 
charge of the PBLs increased the local concentration of ions, which 
shortens the Debye length (Sun and Liu, 2018). The Kd value between 

Fig. 2. (a) Transfer curves of ISFET biosensor with PBLs measured under bottom gate sweep. (b) Output characteristic curves of ISFET biosensor with Hemo PBL. 
(Sweep drain voltage: 0 V–5 V) The pH sensitivity of the ISFET biosensor with PBLs ((c) Hemo, (d) BSA, and (e) Lyso) in buffer solutions with pH 4, 7, and 10. The 
variation of VBG according to pH were measured at 10 nA, sweep gate voltage: � 20 V ~ þ 40 V. 
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antibody and PSMAs can be affected by ion strength (Reverberi and 
Reverberi, 2007). From the lowest Kd value (1 � 1) � 10� 12 of the FET 
biosensor with neutral PBLs, we can assume that the charge of PBLs 
related to local ion strength on the sensing membrane. (BSA PBL Kd 
(5 � 8) � 10� 12 g/ml; Lyso PBL Kd (2 � 6) � 10� 9 g/ml) Based on this 
result, the use of the neutral PBLs minimized this effect, improving the 
performance. 

The performance of the ISFET biosensor in post-conditioning, serum 
incubation with washing process and buffer change, showed similar 
detection ranges regardless of the PBLs, but detection signals were 
slightly higher in the ISFET sensor with Hemo PBL (Fig. 4d). This result 
implies that we could remove the electrostatically bound serum proteins 
from the PBLs through the washing process. However, in the post- 
conditioning, the differentiation at a high concentration range of 
PSMA (1–100 ng/ml) was limited, presumably resulting from the 
dissociation of PSMA through washing. Collectively, we could lower the 
detection limit of direct measurement in serum upon regulating the 
charge of the PBLs. 

4. Conclusions 

In this study, we fabricated the charged PBLs on the sensing mem
brane of ISFET biosensors for minimizing the noise from non-specific 
protein binding. The charge of PBLs was regulated by the selection of 
protein precursors (positively charged: lysozyme, negatively charged: 
BSA, neutral: hemoglobin). After the chemical adsorption of the pre
cursors to form the PBLs on the sensing membrane, the PBLs retained 
their inherent charges of the precursors, which is evidenced by KPFM, 
SZP, and charged particle adhesion. The charge effect of each PBLs on 
the sensing signal was demonstrated by comparing to the PSMA (pros
tate cancer biomarker) detection of the ISFET biosensor in untreated 
serum, with/without pre- or post-conditioning. The ISFET biosensor 
with neutral PBL showed minimum drift error, the broader detection 
range, and higher signals than the charged PBLs in all of the conditions. 
The detection range for PSMA was from 1 fg/ml to 100 ng/ml in un
treated serum, which is the same detection range with pre- or post- 
conditioning. This result indicates the introduction of the neutral PBLs 
allows the omission of the pre- or post-treatment of serum. The direct 

Fig. 3. Non-specific signals of the ISFET biosensor with the PBLs. ID-VBG curves and variation of VBG (a) in untreated serum without pre and post-conditioning. The 
initial curve and final curve were presented by the dotted line and the solid line, respectively. ID-VBG curves and variation of VBG (b) in 1 � PBS (implying for pre- 
conditioning). ID-VBG curves and variation of VBG (c) in untreated serum with washing and buffer exchange with 1 � PBS (implying for post-conditioning). The 
variation of all samples was measured after 20 min incubation. Variation of VBG in 1 � PBS in the presence of (d) negatively and (e) positively charged gold 
nanoparticle (MUA, TMA, respectively; both 150 nM). (f) The schematic illustration for the attraction between the PBLs and charged nanoparticles. All the samples 
were measured in triplicate. The variation of VBG was measured at 10 nA, sweep gate voltage: � 20 V ~ þ 40 V. 
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quantification of a specific biomarker in untreated serum through our 
method would pave a new road for the development of transistor bio
sensors as a point-of-care device. The neutral PBLs fabricated with he
moglobin still allow non-specific protein binding in serum. Further 
studies will be performed using a strategy of a blend of protein pre
cursors or synthetic materials in order to more precise interfacial charge 
control. 
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