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Single-Step Primary Amine Synthesis on Proton Sensitive
Nanofilms to Overcome Its Debye Length Limitations

Chia-Ming Yang, Hui-Ling Liu, Chih-Ching Ho, Hsieh-Fu Tsai, and Nikhil Bhalla*

The debye length is a measure of the distance over which the electric field of a
charged particle decays in an electrolyte solution. If the binding of the analyte
to the surface of the transducer is too far away from the surface, the electric
field to the analyte may decay over a distance greater than the debye length
thereby reducing the sensitivity of the measurement. In this context, this
study has developed a simple one-step protein immobilization strategy to
covalently attach proteins on the sensor surface. Our binding strategy, which
uses hydrogen peroxide (H2O2) ensures that the analyte is attached as close
as possible to the transducer surface. This study evaluates our findings by
comparing our strategy with silane chemistry and elucidating the debye
length effects with colorimetric assays and field effect devices. Additionally, as
a case study, we also evaluated the performance of our methodology for the
detection of glucose oxidation by a field effect device. Overall, the developed
immobilization strategy avoids the effects of the debye length and improves
the performance of the biosensor.
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1. Introduction

Handshake of the analyte with the trans-
ducer triggers a sensor response, which
determines the presence and concen-
tration of the analyte. This handshake
of the analyte with the surface of the
transducer should be as close as pos-
sible in order to avoid the effects of
the debye length. On the other hand,
the formation of primary amines on
solid surfaces is useful for attaching pro-
teins that form biorecognition layers in
bio/chemical sensors.[1] The most com-
mon materials used for transducer ele-
ments within the bio/chemical sensors
are either gold[2] or silicon[3] based mate-
rials, where covalent attachment of pro-
teins is achieved by thiol chemistry or
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silane chemistry, respectively.[4] The thiol or silane adlayer,
even with a monolayer thickness on the transducer surface,
creates a distance (e.g., few nanometers) between the transducer
surface and the analyte, leading to a reduced interaction between
the analyte and the transducer.[5,6] This is one of the fundamental
limits of the sensor-analyte interaction, which has hindered the
use of several electrochemical and optical transducers to maxi-
mize their potential for ultrasensitive biomolecule detection.[7,8]

For instance, in the case of proton sensitive nanofilms-such
as silicon nitride (Si3N4), tantalum pentaoxide(Ta2O5), silicon
dioxide (SiO2), or alumimium oxide (Al2O3), commonly used
as top layer of Ion Sensitive Field Effect Devices (ISFEDs),[9–11]

one must ensure that the sensor-analyte handshake takes place
within the debye length. Note that the term ISFED here includes
both the Ion Sensitive Field Effect Transistors (ISFETs) and the
Electrolyte Insulator Semiconductor (EIS) structures.

Debye length is the distance, away from the transducer sur-
face, within which the moving charge carriers in the solu-
tion screen out the applied electric field present on the trans-
ducer surface.[12] Essentially, any minute charge changes which
take place in the solution outside the debye length are dif-
ficult to detect by the aforementioned proton/pH sensitive
transducers.[13,14] On the other hand, the surface chemistry used
to build the biorecognition layers often yield biomolecular charge
change signatures at distances beyond the debye length, thereby
reducing the sensitivity of the transducer.[15,16] Therefore, for
such sensors, biomolecular interaction should comply with the
prerequisite for distances-where an electric field caused by redis-
tributed charged biomolecules exists within the debye length of
the given solution.

To overcome these issues in ISFEDs, several innovative ap-
proaches have been developed, such as the stem loop structures,
which cause conformational changes in the biomolecule upon
ligand binding,[17] those that involve use of novel semiconduc-
tors with specific carrier distribution,[18] with use of polymer en-
hancers embedded inside the ISFEDs structure,[19] by improving
material morphology,[20] with changes in the salt/ion concentra-
tion (i.e., changes in the ionic strength) of buffer and by reducing
the distance of analyte to the transducer surface.[21] While each
of these strategies is unique and has its own advantage, there
are a few loopholes associated with these methods. For exam-
ple, change in the salt/ion concentration of the buffer may in-
crease the debye length at the cost of changes in the conforma-
tional properties of the capture molecule, leading to a reduced
sensitivity of the biorecognition layer toward the analyte. This is
because the biomolecules need certain buffer conditions to main-
tain their osmolarity, which is necessary for effective binding.[22]

Other methods involving the use of polymers and special sub-
strate, such as crumpled graphene, have their own challenges
mainly associated with nanoscale fabrication of the material, op-
timization of the process for large scale development of ISFED
sensor and device degradation at high/low temperatures.

Within this context, we have developed a simple method that
uses directly synthesized primary amines to covalently attach pro-
teins on the Si3N4 surface, see Figure 1 for more details. This is
in contrast with the conventional route of incorporating silane
monolayers on the Si3N4 based substrates. Briefly, we incubate
the Si3N4 surfaces in H2O2 which leads to the creation of pri-
mary amine groups (-NH2) as Si3N4 degrades into oxygen (O2)

and water (H2O) via disproportionation reaction. The decom-
position of H2O2 to form water H2O and O2 is well-known as
a disproportionation reaction i.e., it is simultaneously oxidized
and reduced, giving two different products.[23] This is because
the oxygen element of the peroxide compound is in ‒1 oxidation
state and it is converted to 0 oxidation state in oxgyen (H2O ox-
idized) and -2 oxidation state (H2O reduced). It should be noted
this decomposition of H2O2 is performed in ambient white light
of the room, without any catalysts. The use of several nanocata-
lysts suggested in the literature for H2O2 decomposition is pri-
marily to speed with reaction kinetics of the natural decomposi-
tion process.[24,25] The water then reacts with Si3N4 surfaces to
yield primary amines. These amines are further used for attach-
ing proteins on the Si3N4 surfaces. Finally, the performance of the
sensor was also compared with most common silanization pro-
cedures, which use 3-Aminopropyl-triethoxysilane (APTES) and
3-Glycidyloxypropyl-trimethoxysilane (GOPTS). The enhanced
sensing performance achieved using our new method was eval-
uated using capacitance-voltage characterization of the ISFED
which revealed higher sensitivity of H2O2 based immobilization
strategy due to reduced debye length effects. Overall our method
was found to be more reproducible, user-friendly as it avoided
silane preparation steps and exposure to its fumes.

2. Results and Discussion

2.1. Surface Treatment and Bioassays

The Si3N4 surface was exposed to H2O2 by drop casting method.
Essentially, a drop of 8.25% H2O2, covering complete surface of
the Si3N4 (around 150 μl for a substrate size of 1 cm x 1 cm)
was placed on the top surface of the silicon nitride for 3 h.
In parallel, we also incubated the substrate in 5% APTES in
mixed acetone for 6 h. Upon comparison of silicon nitride sur-
face state with Fourier Transform Infrared Spectroscopy (FTIR)
for the aforementioned APTES and H2O2 treatments, we ob-
served no significant differences in transmission characteris-
tics between the two treated surfaces, see Figure 2a. The sur-
faces were then exposed to glutaraldehyde (GA), 15% in water
for 3h. Once again, we observed no significant differences be-
tween APTES and H2O2 treated surfaces after GA immboliza-
tion, see Figure 2b. This confirmed that H2O2 treatment creates
chemical modification similar to APTES treatment i.e., the for-
mation of primary amines that also readily attached (covalently)
with the aldehyde groups of GA. Furthermore, we compared the
surface of the silicon nitride before and after the treatment of
H2O2 that revealed clusters of small peaks (marked with cir-
cles, Figure 2c) between 3000–4000 cm−1 that are attributed to
the formation of primary amine groups on its surface.[26,27] The
H2O2 treated surface (after GA immobilization) was exposed to
an anti-protein A antibody conjugated with horseradish perox-
idase (HRP), which facilitates colorimetric detectioin via oxida-
tion of 3,3’,5,5’,-Tetramethylbenzidine (TMB). The contact angle
measurements, see Figure 2d revealed similar surface properties
for all steps involved in the Protein A immobilization using H2O2
treatment method compared to Protein A immobilization using
the APTES treatment.

We also measured the color change of the TMB, using ab-
sorbance spectroscopy as shown in Figure 3. For absorbance
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Figure 1. Schematic of surface treatment concept: a) shows a single step H2O2 treatment on Si3N4 surface leading to creation of primary amines on
the sensor surface when dipped inside a solution consisting H2O2 in a petri dish. Note that the petri dish is kept closed during the incubation of the
sensors in H2O2 ; b) shows electrolyte-insulator-semiconductor surface used to elucidate debye length effects using capacitance-voltage characteristics
for H2O2 treated surfaces while comparing it with silane chemistry using APTES.

comparison, apart from APTES comparison we also com-
pared immobilization of Protein A with (3-Glycidyloxypropyl)
trimethoxysilane (GOPTS). Figure 3a show the TMB absorbance
from treated (treated with APTES, GOPTS and H2O2) substrates.
Clearly the absorbance from H2O2 was found to the highest
among the three treatments, suggesting that more Protein A was
present on the surface. Control reactions were also performed by
blocking the aldehyde group of GA with 0.2 M ethanolamine in
case of APTES and H2O2 treatments, and blocking GOPTS with
20% ethanol, see Figure 3b (n ⩾ 6). In Figure 3c, we plot the total
area under the curves of treated and control experiment repli-
cates to show the absorbance values. We also perform two way
ANOVA Šídák’s multiple comparisons test to reveal statistical
differences between the three sets of treatments. The treatment
of H2O2 showed significantly higher absorbance (confidence in-
terval of 95%; P value <0.001). We also extended our analysis to
compare the absorbance peaks of treated and control experiment
replicates (n ⩾ 6), in Figure 3d, e, at 370 and 650 nm, respec-
tively. The comparison clearly shows higher absorbance from the
H2O2 treatment, even for the control experiments. Therefore, we
compared the ratio between the peaks of treated and control ex-
periments, which indicate that the absorbance at 370 nm in H2O2
treatment is the highest among the three sets of experiments, see

Figure 3f. Motivated by our finding we changed the concentration
and/or time of incubation of H2O2 to optimize the amount of pro-
tein attachment on the surface. We find that the H2O2 (8.25% aq.)
exposure for 3 h allowed maximum amount of anti-protein A to
attach on the surface of the Si3N4 ,see Figure 3g for comparison
of absorbance with other experimental conditions.

2.2. Chemical Reaction

When H2O2 comes in contact with the Si3N4 substrate, it decom-
poses via disproporationation reaction as follows:

H2O2→2H+ + 2e− + O2 (1)

H2O2 + 2H+ + 2e−→2H2O (2)

The water formed after reduction of H2O2 reacts with the Si3N,
which is the highest species present on the surface of the
Si3N4, yielding SiOH and SiNH2 sites according to following
reactions:[28]

Si3N (solid) + H2O (liquid) ⇆ Si2NH (solid) + SiOH (solid) (3)

Adv. Mater. Interfaces 2023, 2300080 2300080 (3 of 9) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Si3N4 surface characterization: a) FTIR of APTES and H2O2 treated Si3N4 surface; b) FTIR of addition of GA on APTES and H2O2 treated
Si3N4 surface; c) FTIR of Si3N4 surface before and after treatment with H2O2; d) Average (n = 3 measurements) contact change of the Si3N4 surface
upon treatment with APTES/H2O2 (referred to as after functionalization), GA, Anti-protein A and TMB dye.

Si2NH (solid) + H2O (liquid) ⇆ SiNH2(solid) + SiOH (solid) (4)

Since the reaction is reversible, prolonging the reaction for
more than 3 h will lead to formation of water and tertiary amines.
This is primarily why we see less amount of Protein A attach-
ment on our surface for the experiment where H2O2 incubation
was performed for 24 h.

2.3. Debye Length Effect

In the field-effect sensing, the basic characteristic of a device
should be a concentration-relative response to ion concentra-
tions on the surface, which is influenced by the debye-length
effect.[29–31] The Si3N4/SiO2/Si structure used is this work is a
conventional ISFED often used for pH sensing applications. As
debye length effect is strongly dependent on the ionic strength,
our Si3N4/SiO2/Si ISFED was exposed to different concentra-
tions (150 mM, 15 mM, and 1.5 mM) of PBS solutions. One pe-
culiar feature of such structures is the capacitance–voltage (C–V)
response, where the capacitance is strongly dependent on the fre-
quency, which is further dependent on the relative charging abil-
ity of the ions to form an electrical double layer.[32] We measured
the C–V curves of Si3N4/SiO2/Si in aforementioned concentra-
tions of PBS solution as shown in Figure 4a–c.

In Figure 4, a typical behavior with accumulation, depletions,
and inversion regions from negative to positive gate bias volt-
age can be observed with the change in capacitance.[33,34] With

changes in frequency, the capacitance of the accumulation and
inversion regions decreases, which is similar to the reports in
literature.[35,36] It can also be clearly observed that with the use of
low PBS concentration (e.g., 0.01X PBS) there is a more decrease
in the capacitance (accumulation, depletion, and inversion) as the
frequency is increased, compared to those measured in high PBS
concentration (e.g., 1x PBS).

We discuss this frequency dependence of ISFED structure in
the context of the immobilisation enabled by of H2O2 treatment.
As shown in Figure 4d–f, there are minute changes in the ca-
pacitance in the region of positive gate bias voltage (the curve is
mostly flat after 0 V) at all frequencies. This can be attributed to
the charges of the immobilized surface chemistry (including an-
tibodies) that form the inversion layer. It should be noted that
no change in the trend of capacitance is observed in the deple-
tion layer when compared to C–V characteristics without func-
tionalization (i.e., comparison of Figure 4a–c with Figure 4d–f.
However, at frequencies higher than 5 kHz, the capacitance
of accumulation region of the surface funcationalized samples,
Figure 4d–f, at 0.01X PBS shows a larger decrease in its capac-
itance when compared to the C–V characteristics without func-
tionalization Figure 4a–c. This frequency dependent capacitance,
which decreases in low ionic strength electrolyte is ascribed to
the debye length effect. We explain this with a simple equation,
Equation (5), describing capacitance of a parallel plate capacitor:

C = 𝜀0𝜀m
A
d

(5)
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Figure 3. Surfaces functionalization comparison: a) Wavelength versus absorbance characteristics of TMB dye when reacted with HRP-linked proteins
on the APTES, GOPTS, and H2O2 modified Si3N4 surfaces. We call refer to this experiment as ’treated’; b) Wavelength versus absorbance characteristics
of TMB dye when reacted with non-specifically absorbed HRP-linked proteins on the APTES, GOPTS, and H2O2 modified surfaces. Note that here the
sensor surface was blocked with ethanolamine and in an ideal case, no peaks corresponding to TMB dye should be observed. We call refer to this
experiment as ’control’; c) Total absorbance comparison (area under the curves) for treated and control experiments. d) Comparison of TMB assay at
absorbance 370 nm performed for treated and control; e) Comparison of TMB assay at absorbance 650 nm performed for treated and control; f) Ratio
of treated to control signals from TMB assay; g) Heat plot showing various conditions used for H2O2, APTES and GOPTS treatments.
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Figure 4. Capacitance–Voltage (C–V) characterization: a) shows curves of Si3N4/SiO2/Si ISFED measured at different frequencies in 1X; b) at 0.1X and;
c) at 0.01X PBS buffer solution. d) shows C--V curves of Si3N4/SiO2/Si after the modification of H2O2, GA, and antibody, e) at 0.1X and f) at 0.01X PBS
buffer solution. Note that 1X is 150 mM, 0.1X is 15 mM and 0.0X is 1.5 mM comcentrations.

here, C is the accumulation capacitance, ɛo is the permittivity in
vacuum, ɛm is the relative permittivity, A represents Area and d
is the distance between the two plates of the capacitor. It should
be noted that the accumulation capacitance of EIS structure is
mainly determined by the series of insulator and electrical dou-
ble layer. Since the thickness of insulator is fixed, the effective
capacitance is dominated by the electrical double layer forma-
tion in different electrolytes. Additionally, the thickness of elec-
trical double layer is highly relative to Debye length (1/𝜅) as
shown by Dukhin et al.,[37] which is relative to the conductiv-
ity, permittivity, and diffusion coefficient of solution according to
Equation (6).

𝜅
2 =

Km

𝜀0𝜀mDeff
(6)

where Km and Deff is the conductivity and effective diffusion coef-
ficient of the solution. Therefore, Debye length (1/𝜅) is inversely
proportional to the square root of the ion strength and corre-
sponding conductivity. This means that at higher ion strength,
higher permittivity, and the higher capacitance can be observed,
as also observed by Liu et al.[38] In their work, the capacitance
and permittivity is decreased with frequency, which is attributed
to the Debye relaxation and therefore in the low ion strength
electrolyte, a large Debye length can be obtained for a better
detection of biomarker. In similar lines, the more decrease in
accumulation capacitance at high frequency of H2O2 treated

surface is associated with a similar effect of low ion strength
buffer.

We plot the effect of H2O2 treated and APTES treated sur-
faces, capacitance at ‒1.5 V versus frequency curve, and use this
as a new index to evaluate the ionic strength effect as shown
in Figure 5a,b, respectively. It is clearly seen that at higher
frequency, the capacitance of accumulation region decreases,
especially at low PBS concentration. Capacitance measured at
1X PBS solution are almost not impacted by frequency. There-
fore, only the capacitance difference between bare and surface
with antibody attached with different functionalizations (H2O2
or APTES) at 0.1X and 0.01X PBS solution is calculated to plot
with the corresponding frequency as shown in Figure 5c. A
large capacitance difference can be seen for the group mea-
sured at 0.01X PBS solution and with H2O2 treatment com-
pared to the group measured at 0.1X PBS solution and with
APTES treatment, respectively. This behavior is well-matched to
the hypothesis of less debye length effects, yielding better sens-
ing by a short linker from H2O2. This is because large changes
in the accumulation capacitance in H2O2 treatment compared
to APTES treatment, can be ascribed to the presence of more
charged species within the deybe length (as attached molecules
are closer to the electrode surface in H2O2 treatment). As a re-
sult, there is more screening of charge by the mobile carriers
of the electrode, ISFED structure in this our study, leading to
higher amounts of signal change in response to stimulus of
biomolecule attachment on the electrode. This aspect is crucial
in enhancing the sensitivity of the ISFED toward the target as
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Figure 5. Capacitance versus frequency analysis: The capacitance at -1.5 V versus frequencies (C–F) curves measured in different concentration of PBS
buffer solution for ISFED Device a) without and with modification of H2O2, GA, and alpha-synuclein antibody; b) with and without modification of
APTES, GA, and alpha-synuclein antibody and c) shows the capacitance difference between bare surface and after antibody immobilization step, at the
same frequency, between H2O2 and APTES surface treatments.

demonstrated by our comparative study using various im-
moblization methods.

2.4. Detection of Glucose Oxidation Activity

Although we demonstrate superior binding of proteins in the
sensor surface modified with H2O2 for colorimetric assays using
Protein A, we here show the effect of reduced debye length on
the detection of glucose oxidation by the ISFED device. We first
measure the pH response of the Si3N4/SiO2/Si structure using

pH 4, 7, and 10. The mean pH sensitivity of bare Si3N4, H2O2
treated and APTES treated surfaces were found to be 48.3, 46.8,
and 42.1 mV/pH respectively, see Figure 6a. There is no signi-
fication difference between the between pH sensitivity of bare
Si3N4 and the H2O2 treated surfaces. In contrast, there is a sig-
nificant difference between pH sensitivities of APTES treated
surfaces compared to bare Si3N4 and H2O2 treated surfaces. It
should be noted that this statistical analysis is performed using
Tukey’s multiple comparisons test with alpha value = 0.05. This
is attributed to the combinatorial effect of less –OH sites avail-
able on the Si3N4 surface after attachment of the ATPES and

Figure 6. Glucose sensing: a) shows pH sensitivity of Si3N4/SiO2/Si structure. The ’*’ symbol indicates ’significant’ difference and ’ns’ denotes ’not
significant’ difference between the compared columns using Tukey’s multiple comparison test with alpha = 0.05. Number of replicates, n = 3; b) shows
a schematic showing how close biomolecules can be attached using H2O2 surface treatment. Essentially, the glucose oxidase (GOx) attached with the
linker glutaraldehyde (GA) in APTES assisted immobilization is 1.7 nm away from the surface in comparison to 1.1–1.2 nm in our method; c) shows real
time detection of 15 mM glucose with glucose oxidase; d) dose-response of the sensor showing changes in depletion voltage of Si3N4/SiO2/Si structure
upon exposure of glucose oxidase to different concentrations of glucose.
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increased debye length effect, as indicated by our results dis-
cussed in Figures 4 and 5. In Figure 6b, we show that the glu-
cose oxidate (GOx) attached with the linker glutaraldehyde (GA)
in APTES assisted immobilization is approximately 1.7 nm away
from the surface in comparison to 1.1–1.2 nm expected in our
method. We have adopted these values for APTES immobiliza-
tion from previous studies conducted by Kim et al.[39] Immobi-
lizing the enzyme closer to the surface implies that the enzyme-
substrate interaction will take place much closer to the surface. In
the case of reaction of glucose with glucose oxidase (GOx) there
is a release of proton, which is detected by the sensor surface
in enhanced manner using sensor surfaces treated with H2O2 in
comparison to APTES treatment. Figure 6c shows real time study
of changes in potential of Si3N4/SiO2/Si structure when exposed
to 20 mM of glucose. As observed from the Figure 6c, a much
faster reaction kinetics are recorded in the reactions conducted
using H2O2 treated surfaces. It should be noted that this faster
reaction kinetics should be considered as a pseudo enhancement
in the rate of reaction. This is because many protons released
in the reaction that takes place in APTES treated surfaces (com-
pared to H2O2 treated surfaces) are masked by the buffer before
they reach the sensor surface, due to debye length effects. In sim-
pler words, we can say that the reaction takes places at this own
rate but the sensor generates different signals in for different sur-
face treatments due to debye length effects. Additionally, when
the concentration of glucose is changed, higher potential shifts
are yielded, see Figure 6d. Specifically a mean value of 20.3 mV
compare to 13.8 mV is observed for a concentration of 15 mM of
glucose, a 47% increase in the recorded signal. These result in-
dicate that we debye length effects can be addressed to enhance
the bio/chemical sensing signal by use of short length biorecog-
nition layers.

3. Conclusion

In summary, the developed H2O2 based protein immobilization
strategy yields a higher sensor signal upon binding of proteins as
compared to commonly used silane chemistry. Using capacitance
voltage characterization, we found that the capacitance of the ac-
cumulation and inversion layers of an ISFED structure decreases
with an increase in frequency. The effect is more pronounced
with the use of low PBS concentration, and no changes are ob-
served in the depletion layer when the surface is functionalized.
Overall, the capacitance difference between bare and surface-
attached antibodies indicate that biomolecules can be attached to
the surface via a short linker from H2O2 treatment.This reduces
the distance between the ions and the sensor surface, resulting in
a shorter Debye length and a higher electric charge density, lead-
ing to enhanced sensing performance. While we have used this
immobilization strategy for ISFED devices, this can be extended
to other transducer surfaces to yield highly sensitive biosensors
as demonstrated by our glucose sensing studies.

4. Experimental Section
Immobilization using APTES: A sequential nine step process was fol-

lowed to immobilize proteins with APTES: 1. Immerse the wafer in 5%
APTES in acetone for 6 h at room temperature. Make sure that the petri

dish in which experiment was performed was sealed with paraffin; 2. Rinse
the substrate with acetone and DI water; 3. Cure the substrate for 5 min on
a hot plate at 90 ºC ; 4. Immerse the substrate in a solution of glutaralde-
hyde, GA, (15% in DI) for 3 h; 5. Rinse the substrate thoroughly with DI
water or the buffer in which the protein (to be immobilized) solution is
made; 6. Dispense the protein solution onto the sample; 7. Rinse the un-
reacted protein with PBS; 8. Block the unreacted aldehyde groups in 0.2 M
ethanolamine for 30 min and 9. Rinse thoroughly with DI water and store
in Tris or PBS for further complex reaction. Note that all chemicals used
in this process were purchased from Sigma–Aldrich.

Immobilization using GOPTS: To immobilize the proteins with GOPTS
following steps were performed: 1. Immerse the cleaned substrate in a
GOPTS aqueous solution (98% in aqueous solution ) for 45 min. 98%
GOPTS in aqueous solution is most stable for protein immobilization; 2.
Remove the silanized substrate and dry with nitrogen gas; 3. Cure the sub-
strate for 5 min on a hot plate at 90 ºC; 4. Add protein solution and incubate
for 6 h or overnight at room temperature; 5. Rinse the protein-coated sub-
strate with the same buffer in which the proteins were suspended; 6. Add
20% ethanol in aqueous solution to block any unreacted GOPTS sites; 7.
Rinse thoroughly with DI water and store in Tris or PBS for further complex
reaction. All chemicals used in this process were purchased from Sigma–
Aldrich.

Immobilization using H2O2: Following nine step process was followed
to immobilize proteins with H2O2: 1. Immerse Si3N4 substrate in H2O2
(8.25% in aqueous solution) for 3 h; 2. Rinse the substrate thoroughly with
DI water; 3. Dry the substrate with nitrogen gas; 4. Immerse the substrate
in a solution of glutaraldehyde (15% in DI) for 3 h; 5. Rinse the substrate
thoroughly with DI water or the buffer in which the protein (to be immobi-
lized) solution is made; 6. Dispense the protein solution onto the sample;
7. Rinse the unreacted protein with PBS; 8. Block the unreacted aldehyde
group in 0.2 M ethanolamine for 30 min; 9. Rinse thoroughly with DI water
and store in Tris or PBS for further complex reaction. Note that all reagents
used in this process were purchased from Sigma–Aldrich.

TMB Assay: Anti-protein A (antibody for protein A) was used to vali-
date protein immobilization using TMB (3,3´,5,5´- tetramentylbenzidine)
assay. The samples were incubated with 0.25 mg ml −1 of antibody linked
with horseradish peroxidase (HRP) and then washed with PBS. 200 ml of
TMB, T-4444 (3,3´,5,5´-tetramentylbenzidine) solution was dispensed on
the Si3N4 surface and the samples were incubated at room temperature
for 20 min until a distinct and stabilized color change (usually blue at Amax
= 370 and 652 nm) was observed. If the reaction progresses quickly and
the color change did not stabilize after 10 min, it can be stopped by adding
50 μl of 2 M sulphuric acid. Absorbance should then be measured at
450 nm. A low-volume spectrophotometer was used (Genova Nano, Jen-
way Biotech, USA) to detect color changes caused by horseradish peroxi-
dase (HRP) activity. All reagents used in asay were purchased from Sigma–
Aldrich.

Glucose Sensing: The oxidation of glucose with glucose oxidase was
performed using 8.5 units of oxidase enzyme. The enzyme was immoli-
blized on the surface of the sensor using APTES and H2O2 treatment.
The surface was then exposed to 0.05, 0.10, 0.50, 1, 2, 10, and 20 mM
of glucose concentrations. 15 min of incubation time was allowed before
recorded the final sensor reading. Both glucose oxidase and glucose were
purchased from Sigma– Aldrich.

Device Fabrication and Capacitance-Voltage Characterization: A conven-
tional electrolyte-insulator-semiconductor (EIS) structure was fabricated
with insulator stacks of silicon nitride (Si3N4) and silicon oxide (SiO2)
on the P-type silicon wafer with a resistivity of 1–10 Ω-cm. The SiO2 and
Si3N4 layer with thickness of 30 nm was grown by thermal oxidation and
low-pressure chemical vapor deposition (LPCVD), respectively. To have the
bottom electrode of EIS structure, the back-side Si3N4 and SiO2 layer was
removed by reactive ion etching with CF4 gas and buffer oxide etchant,
respectively. Then, an aluminum layer with thickness of 300 nm was de-
posited on back side of Si wafer. These fabricated samples were used to
treated in a H2O2 and conventional 3-aminopropyltriethoxysilane (APTES)
with 4% in volume ratio immersion for 1h were performed to Si3N4
surface. Then, glutaraldehyde (GA) with 1% in volume ratio and alpha-
synuclein antibody immobilization with concentration of 40 mgml‒1.
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Before and after surface treatments, fourier-transform infrared spec-
troscopy (FTIR) (Tensor 27, Bruker, Germany) and contact angle measure-
ments (FTA-1000B, First Ten Angstroms, U.S.) were performed to evaluate
the difference.

To measure capacitance–voltage (C–V) characteristics of EIS structures
in a fixed area, a container made up of polydimethyl-siloxane (PDMS) (Syl-
gard184A and 184B, Sil-More Industrial Ltd., U.S.) with a self-designed
molder with an area of 9x9 mm2 was attached on the Si3N4 surface by
means of O2 plasma treatment.This container was used to immerse the
standard Ag/AgCl reference electrode and background solution including
1X, 0.1X, and 0.01X PBS solution. Then, reference electrode and bottom
electrode was connected to the high precision LCR meter (Agilent E4980A,
Keysight Technologies, U.S.) for the gate bias and ground bias, respec-
tively. To study the surface modification and debye length effect of EIS
structure, two different surface treatments including H2O2 and APTES
were studied. Frequency from 100 Hz to 200 kHz of the alternating cur-
rent (AC) trigger signal with a peak-to-peak voltage (Vpp) of 50 mV was
applied to measure the C–V curves.

Statistical Analysis: The statistical analysis was either conducted us-
ing ANOVA Šídák’s multiple comparisons test and the Tukey test multi-
ple comparison test. These tests were conucted using in-built models in
GraphPad Prism nine software. Details of these test were explained either
in figure captions or/and in the discussion text.
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