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Ultra-Sensitive Molecular Detection Using Open Circuit Potential
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1. Background

The detection of biomolecules, especially protein biomarkers, plays a crucial role in clinical
application to prevent and control epidemic diseases. Conventionally, optical-based sandwich-type
immunosensors have been used, however, these methods suffer from several drawbacks such as poor sensitivity,
complexity, and lab-intensive instruments [1]. As an alternative to the optical-based method, the
electrochemical-based detection has attracted much attention for the development of portable smart
immunosensors due to its high sensitivity, simplicity, low-cost, and portability [2]. Among electrochemical
techniques, amperometry and voltammetry are frequently used to screen various kinds of analytes with high
sensitivity. Although the amperometry and voltammetry methods can provide limit of detection (LOD) in the
pg/mL range [3], the scanning of potential makes the whole system complicated in design and operation.
Therefore, the development of simple electrochemical method for detection of protein biomarker is desired.
In this regard, open circuit potential (OCP) appears as a suitable technique since it simply measures the voltage
difference between working electrode immersed in medium solution and a suitable reference electrode without
application of neither potential nor current to the system. Compared to the voltammetry and amperometry, the
OCP technique possesses several main advantages such as spontaneous measurement of the electrode potential
built by electrochemical reactions on the electrode surface, and easily acquiring multiple electrode potentials at
once. With such benefits from the mentioned background, OCP is suitable for simple detections of protein
biomarkers [4, 5].

In this work, we proposed a novel electrochemical immunosystem, metal nanoparticles labeled electrochemical
immunoassay of hCG detection. Gold nanoparticles (AuNPs) and platinum nanoparticles (PtNPs) were used as
electrochemical labels for development of OCP based detection. First, the proof of concept of using OCP with
AuNPs for hCG detection with relatively high sensitivity was confirmed. However, AuNPs based OCP

detection requires the application of both oxidation and reduction potentials to achieve detectable signal, which




makes it not simplified as OCP method should be. Then, we considered PtNPs based OCP detection. The good
electrocatalytic property of hydrazine on PtNPs surface can circumvent the complicated preoxidation and
reduction processes during measurement. As a result, the change of signal was simply observed without any
applied external power source. This work demonstrates a novel application of OCP to highly-sensitive
biomarker detection, which can be applied to low-cost, simplified, and miniaturized diagnostic systems.
Moreover, this proposed method shows potential use for isolating and counting single molecule. To do that, it
is necessary to find a suitable material and method for fabrication of high-density nano-micro electrode array.
As primary experiments, carbon-based materials, i.e., AZ5214E photoresist and SAL601-SR2 electron beam
resist wereused as source materials to fabricate conducting carbon film via a pyrolysis process.. It was found
that the pyrolyzed SAL601-SR2 shows the possibility to fabricate dot pattern array at sub-micrometer scale.

2. Aim

The aims of this work are to prove the concept of OCP method for biomarker (hCG) detection using metal NPs
and to simplify OCP based method for protein biomarker detection. Finally, the fabrication of micro-nano
electrode was studied for the multiplex application.

3. Experimental

3.1 Fabrication of pyrolysis photoresist carbon electrode (PPCE)

In this study, the SiO, (100 nm)/p -Si was used as a substrate. Prior to use, the substrate was thoroughly rinsed
by acetone and DI water, followed by a soft-bake at 150 °C. Remained organic substances were removed by
using O, plasma ashing (O, 30 sccm, RF power 15 W for 3 min). To create carbon film, AZ5214E photoresist
was used as a carbon source. First, OAP was spin-coated on the substrate at 3000 rpm for 30 s, and baked at
110 °C for 3 min as an adhesion-promoting agent between the substrate and the photoresist. After that,
AZ5214E was spin coated at 6000 rpm for 60 s, and baked at 90 °C for 10 min. Two coatings were used to
obtain the desired thickness of PPCE, which is around 600 nm. The pyrolysis was performed in a furnace with
a quartz tube flushed by forming gas (95%N, + 5%H,,) for 15 min at room temperature. Under continuous gas
flow, the temperature was increased from room temperature to 700 °C with a heating rate of 10 °C/min, then
held at 700 °C for 1 h, and finally cooled down to room temperature.

3.2 Preparation of the sandwich-type immunoassay

Screen printed carbon electrode (SPCE) and PPCE were used as working electrode for immobilization of
immunocomplex. The primary antibody was immobilized directly on working electrode array surface at 4 °c
for 12 hours.  After that, blocking solution (1% BSA) was incubated at 4 °C for 12 hours. Between each step,
electrode was rinsed using blank PBS. The sample solutions consisting of various concentrations of hCG
were applied onto immunosensors at room temperature for 30 min. After rinsing with PBS, either
AuNPs-labeled hCG antibody or PtNPs-labeled hCG antibody was introduced onto the surface at room
temperature for 30 min, and rinsed with blank PBS. The process of the sandwich-type immunoassay is shown

in Figure 1.
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Figure 1. Schematic illustration of preparation of sandwich-type immunosystem

3.3 OCP measurement

The OCP method was used to measure the hCG concentration after preparing the sandwich-type
immunosensor. For AuNPs based OCP detection, the number of AuNPs at secondary Mab was dependent on
the hCG concentration and directly detected in 0.1 M HCI. Figure 2 shows the process of detection procedure.
The preoxidation and reduction processes were applied in the detection procedure to obtain the direct
attachment of AuNPs at electrode surface, followed by electrical detection using OCP. The concentration of

hCG detected was related to the amount of AuNPs at the electrode surface after the reduction.
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Figure 2. The detection procedure of AuNPs-based OCP with preoxidation and reduction processes
For PtNPs based OCP detection, hydrazine solution was added to sandwich-type immunocomplex at
electrode surface followed by OCP measurement immediately without application of preoxidation and

reduction processes as shown in the Fig. 3.

Figure 3. The detection procedure of PtNPs-based OCP without preoxidation and reduction processes

3.4 Fabrication of nano-micro pattern of pyrolyzed SAL601-SR2 film

First, OAP was spin coated at 4000 rpm for 30 s, then baked on hot plate at 110 °C for 3 min. After that,
SAL601-SR2, negative EB resist, was coated at 4000 rpm for 60 s, and baked at same condition. The dot

patterns were written using EBL system at different beam currents and dose times. After EB exposure, the



sample was post baked at 100 °C for 5 min, and developed in MF-319 for 6 min followed by water rinsing for
3 min to remove unexposed area. Finally, the patterns of EB resist were pyrolyzed at 700 °C for 1 hr under
mixture of 5%H, and 95%N, atmosphere with heating rate of 10°C/min. Optical microscope and SEM were
used to investigate obtained pattern before and after pyrolysis.

4. Results and discussion

4.1 AuNPs based OCP detection

The OCP method was used to measure the hCG concentration after preparing the sandwich-type immunosensor
on SPCE and PPCE surface. The number of AuNPs at secondary Mab is dependent on the hCG concentration
and can be directly detected in 0.1 M HCI. The different amounts of AuNPs on electrode surface affects to the
catalytic activities towards proton in the solution that result in the change of OCP signal. Without preoxidation
and reduction processes, the OCP signal was not significantly changed with respect to the hCG concentrations.
This could be attributed to the poor electrocatalysis of proton by AuNPs in the acid solution. The
immunocomplexes, consisting of primary Mab, hCG, and AuNPs-labeled secondary Mab, created a space
between AuNPs and the electrode surface that prevented electron transfer of electrocatalytic process. Thus,
AuNPs in the solution could not induce the change of OCP signal due to the loss of their catalytic activities. To
overcome this problem, the preoxidation and reduction processes were applied in the detection procedure to
obtain the direct attachment of AuNPs on electrode surface, followed by electrical detection using OCP.
Compared to the procedure without the preoxidation and reduction, the preoxidation and reduction processes
effectively facilitated the detection.

The detection procedure consists of three processes including preoxidation process, diffusion step, and
reduction process. The parameters of these processes were studied because these factors can effect to the
analytical results. A summary of optimal condition is shown in table 1. Under the optimal condition, the wide
linearities were observed in the range of 0.05 to 10 ng/mL for SPCE, and 0.7 to 5 ng/mL for PPCE. Good
linearity value with correlation coefficient (r*) > 0.99 was obtained. LODs were found to be 0.079 and 0.1
ng/mL for SPCE and PPCE, respectively.

Table 1. The optimal detection procedure of AuNPs based OCP detection

Potential (V)
Parameters SPCE PPCE
Preoxidation 1.2V, 60 s 1.2V,30s
Diffusion tim| 240 s 180 s
Reduction | 0.2V, 30 s -04V,30s

4.2 PtNPs based OCP detection
The number of PtNPs at secondary Mab was dependent on the hCG concentration and directly detected in 1
mM hydrazine solution. The different amounts of PtNPs on electrode surface affected to the catalytic activities

towards the oxidation of hydrazine that resulted in the change of OCP signal as shown in Figure 4. The



potential was shifted to negative direction with increasing of hCG concentration. The results indicated that the
oxidation of hydrazine effectively occurred at the Pt surface due to its high electrocatalytic activity. Such

characteristic enables the OCP-based hCG detection without any preoxidation and reduction steps.
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Figure 4. Schematic illustration of the electrocatalysis of hydrazine by PtNPs

Using SPCE as working electrode, pH of buffer solution and concentration of hydrazine were
optimized on SPCE. Under optimal condition of 1 mM hydrazine in phosphate buffer pH 6.0, the linearity was
observed in the range of 0.5 — 10 ng/mL. The LOD was found to be 0.28 ng/mL.
For using PPCE as working electrode, it was found that PtNPs based OCP detection of PPCE cannot show
obvious difference in signals at various concentrations of hCG.However, it was successful to distinguish the
surface in the presence and absence of hCG. This success suggests the possibility to use this technique for the
development of single molecule separation and counting.
Our proposed PtNPs based method shows simpler electrochemical detection procedure than those obtained
from the AuNPs based method with relatively high sensitivity and good reproducibility.
4.3 Fabrication of micro-nano carbon dot on pyrolzed SAL601-SR2 film

The fabrication of carbon dot in micro- nano scale was studied. The size of electrode is estimated
from the immobilization density of PtNPs on PPCE. It was found that the pattern was expanded by pyrolysis
(figure 5).
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Figure 5. The obtained pattern before and after dry etching at beam current of 1 nA and dose time of 0.6
us/dot.
The expansion about 2 times from original size was observed. This method is able to fabricate carbon dot with

the smallest of 186 nm in diameter. Currently, the proposed method was successful in the sub-micrometer



fabrication and could realize the desired dot’s size of 300 nm.

5. Conclusion

In this work, a novel electrochemical immunosystem, metal nanoparticles labeled OCP-based immunoassay of
hCG detection was successfully developed. For AuNPs based OCP detection, the pre-oxidation and reduction
processes were found to have significant effect on the sensitivity of the proposed system since they enabled
catalytic activities of AuNPs. However, this method requires the application of both oxidation and reduction
potentials to achieve detectable signal, which makes it not simplified as OCP method should be. Therefore, the
new simple electrochemical immunoassay based on PtNPs was developed. The good electrocatalytic property
of hydrazine on PtNPs surface can circumvent the complicated preoxidation and reduction processes during
measurement. Therefore, the proposed detection scheme offers simplicity and high electrochemical sensitivity
for hCG detection using PtNPs-labeled immunocomplex, which can be extended to a simplified and
miniaturized electrochemical system for clinical diagnosis.

Finally the fabrication of micro-nano sized electrode was studied to approach the application for single
molecule detection. The direct pyrolysis of SAL601-SR2 EB resist after patterning to obtain carbon dot was
performed. This method is capable of fabricating sub-micrometer carbon dot patterns.

This work demonstrates the simplification of electrochemical assay for protein biomarker detection and
possibility to fabricate sub-micron electrode array for single molecule isolating and counting application.
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