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In this study, an impedance electrode chip that we developed was used for the detection of
human chorionic gonadotropin (hCG) sandwich immunoreactivity, as well as gold nanoparticle
(AuNP)-conjugated antibodies as labels to facilitate detection. The immune response of the
tested specimen and quantitative impedance measurement analysis results were used for
identification. An LCR meter, which is a type of electronic test equipment used to measure the
inductance (L), capacitance (C), and resistance (R) of an electronic component, was used to
detect the electrical signal of the impedance electrode chip, and the changes in immune response
were analyzed through impedance value changes to establish the electrical measurement data of
hCG. To avoid signal measurement problems caused by poor bonding between the nitrocellulose
(NC) membrane and the detection electrode, the NC membrane was fixed directly onto the
surface of the detection electrode by a polymer solution phase conversion method, and
quantitative impedance signals at different hCG concentrations were successfully measured.
The results showed that using this method successfully broke through the traditional naked-eye
identification concentration limit of 25 mIU/mL, reaching a lower concentration of 6.25 mIU/
mL, and the coefficient of determination between the impedance value signal and the hCG
concentration reached 0.9899, which means that the self-made electrode chip can quantitatively
detect and analyze the hCG concentration.

1. Introduction

With the advancement of science and technology, people’s living standards have also been
improved. In the past, the methods of detecting disease problems often frightened patients,
leading to the rapid exacerbation of the disease. The development and popularization of rapid
screening reagents have resulted in many more choices for disease screening. Rapid tests are
being applied in areas such as pregnancy, cancer, diabetes, influenza, and animal diseases.
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Furthermore, with the appearance of COVID-19, which has affected the world in recent years, it
has been shown that the application of rapid tests can quickly and effectively control the progress
of global epidemics. In this study, an electrode detection technology for rapid tests is developed.
By utilizing a new nitrocellulose (NC) membrane combined with electrodes, both designed and
fabricated by us, as well as the characteristics of gold nanoparticles, we achieved a transformation
of rapid tests from the traditional qualitative detection to quantitative detection.

Rapid tests are also called lateral flow chromatography immune reaction detection tests.
Their principle includes physical and chemical methods. The physical aspect is to use the pore
size on a sample pad to filter interference in the sample to be tested. As it passes through the
sample pad, the sample combines with the gold nanoparticles bonded with the secondary
antibody on the conjugate pad and continues to flow in the direction of the wicking paper owing
to the capillary force generated by the NC membrane.()

The conjugation of antigen and antibody mainly occurs at the interaction site between the
antigen and the antibody. The site where the antigen is recognized by the antibody is called the
epitope, which usually consists of 4 to 5 amino acids and 4 to 5 monosaccharides. The binding
forces between antigens and antibodies include Coulomb electrostatic force, hydrogen bonds,
hydrophobic force, and Van der Waals force, but there is also another electrostatic repulsive
force. All forces form a total bonding force. Because the binding between the antigen and the
antibody is not a covalent bond, changes in the environment, such as changes in pH, temperature,
and ionic strength, may cause the antigen and antibody to separate from each other,%-? altering
the bonding force between the antigen and the antibody and thereby causing different color
effects on the test line.

In this study, human chorionic gonadotropin (hCG) is used to produce rapid tests as
experimental samples. hCG is a glycoprotein hormone with a molecular mass of 36.7 kDa.® It
is composed of two different subunits, a and B. The o subunit is combined with other
glycoprotein hormones secreted by the pituitary gland, such as luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), and is almost identical to the a subunit of thyroid-
stimulating hormone (TSH),® but the largest difference lies in the different structures of the B
subunits.®©)  Regardless of age, the pituitary glands of all men and women can produce
gonadotropins similar to hCG, such as LH and other types of hormone.-® In 2018, Casarini et
al. proposed a study on the relationship between hCG and malignant tumors.® hCG is secreted
by the placenta during pregnancy, and the gonadotropin secreted by the placenta is called
chorionic gonadotropin; however, in the urine of pregnant women, the chorionic gonadotropin is
called hCG. Because hCG is similar to LH, hCG is also used clinically to induce ovulation and
produce testosterone. Women who are in the early stage of pregnancy are the main source of
hCG. Some institutions even collect the urine of pregnant women to extract hCG for fertility
treatment.®) hCG can also be used as a tumor marker. The secretion of its B subunit can be
observed in some cancers, including seminoma, choriocarcinoma, germ cell tumor, vesicular
fetal mass, teratoma, and islet cell tumor.(10-1D)

When a urine specimen with hCG antigen is dropped onto the sample pad of the immune
rapid test, the specimen flows forward to the conjugate pad. This conjugate pad contains freeze-
dried high-dose hCG second antibody—colloidal gold conjugate (hCG—GC). The hCG antigen in
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the urine undergoes a conjugation reaction with hCG-GC in the conjugate pad. This reaction is a
specific immune reaction, so non-hCG antigen specimens will not conjugate with this antibody.
The NC membrane continues to drive the urine to the test line and combines with the hCG
primary antibody presprayed onto the test line. This reaction is also a specific immune reaction.
The position of the test line also appears purplish red (the color of the gold nanoparticles) due to
the aggregation of the gold nanoparticles. This is the immunochromatic method of rapid
testing.(!2 The primary antibody is also called coating Ab because it is sprayed on the T line,
and the secondary antibody is bonded to gold nanoparticles and called detection Ab.

In realizing rapid tests, the porosity of the NC membrane is particularly important. During
production, the polymer material is converted from the liquid phase to the solid phase by the
phase inversion method.!3!¥ The casting solution prepared from three components, polymer,
volatile solvent, and nonvolatile nonsolvent, is a homogeneous solution at a certain fixed
temperature. The solvent gradually evaporates during the constant temperature process. The
volatilization of the solvent causes the phase separation of the solution from a homogeneous
phase, resulting in a solution with two phases, namely, a polymer-poor phase and a polymer-rich
phase. The polymer-rich phase represents the phase state with high polymer concentration, while
the polymer-poor phase represents the phase state with low polymer concentration. After the
solvent completely evaporates, the solubility of the polymer decreases, and a porous film
structure is formed because of the phase separation behavior. The polymer-rich phase solidifies
to form the main body of the film, while the polymer-poor phase forms a continuous hole
structure. Phase inversion methods mainly include thermally induced phase separation,(1>-19)
solvent evaporation,20-2D) immersion precipitation,(?2:23) and vapor-induced phase
separation.(>4-2%)

During film formation, the study of the three polymer—solvent—nonsolvent components is the
basis for exploring the film formation mechanism.?*33) Among them, the ternary phase
diagram of the Flory—Huggins theory is used to describe the thermodynamic behavior of the
polymer solution, and the gravitational parameters between the components are used to obtain
the relationship of the Gibbs free energy of mixing (AG,,) versus temperature and
composition.**37) The film formation process consists of a homogeneous polymer solution (V
area). Depending on the solvent and nonsolvent proportions, NC membranes can correspond to
(I, VI) dense structures, (II) sponge structures, (III) bicontinuous or lacy structures, and (IV)
nodules. Therefore, the possible film structure type can be preliminarily determined on the basis
of the system components using the thermodynamic phase diagram.(38-%)

The detection mechanism used in this study is wet impedance measurement, which considers
the aggregation of gold nanoparticles after the antibody—antigen reaction on the surface of the
rapid tester to conduct electrical signals. On the basis of the principle that the number of gold
nanoparticles affects the signal conduction ability, resistance can be used to detect changes in
the concentration of the sample to be tested.#0-4>)
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2. Materials and Methods

This paper is divided into four parts to discuss the construction of the entire system: the
preparation of the NC membrane for rapid tests, the design of impedance electrodes, the
combination of the NC membrane and electrodes, and signal measurement.

2.1 Porous membrane preparation

First, the raw materials for the preparation of the NC membrane include NC polymer and
30% isopropyl alcohol, methyl acetate (MA) and acetone as solvents, and isopropyl alcohol
(IPA), glycerin, and deionized (DI) water as nonsolvents in coatings. NC polymer (9.2 wt%) is
prepared by dissolving in 5.2 wt% MA and 52.8 wt% acetone. When the NC polymer is
completely dissolved in the MA and acetone solution, 22 wt% IPA, 5 wt% glycerol additive, and
5.6 wt% water are added as pore formers. The NC film is prepared by the dry-phase inversion
method. The film is fixed on the surface of the electrode wafer and kept in a certain relative
humidity environment. Phase inversion is induced through the absorption of water vapor and the
evaporation of acetone for 1 h. In the final step, the NC film is dried in a vacuum oven at 30 °C
for 2 h, and excess nonsolvent is removed from the polymer. Finally, a scanning electron
microscopy (SEM) system is used to observe the cross section, surface, thickness, and pore size
of the film, and the porosity calculation method is used to conduct porosity research.

The porosity () is calculated as

VA _VE

&= x100% | )

A

where V,;, which is the apparent volume of the NC membrane, is calculated from the thickness
and surface area of the membrane. V', which is the actual volume of the NC membrane, is
determined from the density of the polymer (1.23 g/cm?) and the weight of the NC membrane.

2.2 Design of resistive electrode

Among the resistive electrode materials, common ones include silver paste, indium tin oxide
(ITO), and gold chromium. Among them, silver paste is a commonly used electrode material for
detection by the rapid test. It is a conductive paste composed of silver powder, resin, solvent and
adhesive. It achieves high conductivity through the silver powder in the composition and has low
resistance and high adhesion properties. It can be used to form stable and precise circuits on
polyethylene terephthalate (PET) printed substrates. It also has good printing properties and high
reliability, and can improve the conductivity and stability of printed electrodes. Silver paste
printed electrodes have the advantages of good electrode position consistency, which can reduce
experimental errors, and small impedance to avoid affecting concentration discrimination.
Therefore, silver paste printed electrodes are selected as detection electrodes.

The computer-aided design (CAD) software AutoCAD® 2018 (Autodesk, USA) was used to
design the electrodes. The purpose of the pattern design on an electrode is to enable the reaction
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area in the middle of the electrode to effectively complete the input and reception of signals, and
to consider the change in the impedance of its current transmission during conduction.
Therefore, the pattern gradually changes from a large area (signal connection end) and narrows
down to a small area. The microelectrode tip helps reduce the impedance generated by the
electrode itself, and the signal connection end can be connected to external equipment. To
provide the space required for lateral flow chromatography rapid test manufacturing, the plastic
substrate is drawn to an area of 76 x 26 mm? to ensure the integration space for the absorbent,
sample, and conjugate pads. The detection electrode pattern design is shown in Fig. 1(a). The
signal measurement part is designed to be 2000 pm wide, as shown in Fig. 1(b), and the space
between parallel electrodes is 300 pum, which is the detection area used for impedance
measurement, as shown in Fig. 1(c).

2.3 Combination of impedance measurement electrode and lateral flow
immunochromatography rapid test

According to previous research, the gap between commercially available NC membranes and
electrodes can easily cause instability in electrical impedance signal measurement. To solve the
compatibility problem between the two, our homemade NC membrane is coated on the interface
of the detection chip. The NC membrane is prepared using NC, acetone, MA, IPA, glycerol, and
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Fig. 1.  (Color online) Schematic of designed resistive electrode dimensions: (a) detection electrode pattern design,
(b) signal measurement design, and (c) detection area electrode size.
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DI water. The dry-phase inversion method is used to convert NC from liquid to solid, and then
the resulting NC membrane is combined with the glass substrate by the three-component casting
solution with a homogeneous solution of polymers, volatile solvents, and nonvolatile nonsolvents
at a certain fixed temperature. After the solvent is gradually completely evaporated in a constant-
temperature program, the solubility of the polymer decreases, and a porous film structure is
formed owing to the phase separation behavior. Among them, acetone and MA are used as
volatile solvents, and the nonvolatile nonsolvents are [PA and glycerol. The volatilization rate
and phase separation behavior of the solvent and nonsolvent are the main control variables. We
use a vacuum at a constant temperature to dry the completed NC membrane. When water is in a
high-vacuum environment and is below the triple point, it can only exist in the solid and gaseous
states at any temperature. Therefore, we exploit this characteristic by heating the sample under
high vacuum. At this time, the water in the sample will directly sublimate into a gas, thereby
achieving the purpose of drying.

The lateral flow chromatography structure manufacturing process is divided into four major
components. The first component is the sample pad. The sample pad is the first component to
contact the solution to be tested. Therefore, the sample pad maintains functions such as filtration
and flow rate control. The second component is a colloidal gold film (gold nanoparticle—
secondary antibody film), which is sprayed on glass fiber paper with gold nanoparticles bonded
with hCG secondary antibody (hCG-GC). The antigen in the solution to be tested will be
captured by the secondary antibody on the gold nanoparticles. Therefore, the buffer solution on
the gold nanoparticle—secondary antibody membrane is a key factor in determining whether the
antigen can be stably captured. The third component is the NC membrane. The NC membrane is
sprayed with a control line (C line) and a test line (T line). The C line comprises the mouse
antibody and the T line comprises the hCG primary antibody. The fourth component is the
absorbent pad, whose capillary force is the key factor in generating flow throughout the entire
lateral flow chromatography test paper. The schematic diagram of the combination of the lateral
flow immunochromatography rapid test and impedance measurement electrode is shown in Fig.
2, which shows the sample pad, conjugate pad, NC membrane, detection electrode, and wicking
paper. Figure 3 shows the actual physical diagram produced in this study.

Detection electrode Conjugate pad

Wicking paper l NC membrane Sample pad

Fig. 2. (Color online) Schematic drawing of impedance detection electrode chip.
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Fig. 3. (Color online) Physical diagram of impedance measurement electrode.

2.4 Measurement of electrical signals

This discussion is divided into two parts. The first part is a discussion of our homemade NC
membrane and its performance. By directly phase-converting the NC membrane and fixing it on
the surface of the detection electrode, the electrical impedance caused by the gap between the
NC membrane and the detection electrode chip can be avoided. An unstable state of signal
measurement occurs and the compatibility problem between the two is solved. In the second
part, the use of the ELISA sandwich immune method as the basis of the analysis structure is
discussed. The immune reaction results on the reagent are electrically measured for different
concentrations of hCG, and an impedance immunoassay detection platform is established. Using
the principle of lateral flow chromatography, antibody-conjugated gold nanoparticles are
immobilized on the glass fiber membrane, and the test sample is continuously transported to the
detection area, and the response to the detection sample is seen in the detection area. hCG
antigen contents are differentiated as they combine with gold nanoparticles with corresponding
contents on the test line, indicating differences in electrical size and achieving quantitative
measurement and the analysis of hCG. The immune impedance analysis is shown in Fig. 4.

Finally, after the sample containing hCG flows from the sample pad to the NC membrane, the
gold nanoparticles will appear between the electrodes, and the impedance of the gold
nanoparticles will be measured through the LCR meter.

3. Results and Discussion

The porosity and thickness of the NC membrane are very important during production. The
porosity of the pores of the NC membrane can be controlled by controlling the humidity, and the
thickness condition also controls the lateral flow chromatography and how well it combines with
electrodes. For the data detection part, we used hCG as the detection sample and a self-designed
electrode chip to measure the concentrations of hCG-Ab and hCG, and tested the conditions of
hCG at different detection frequencies.
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Fig. 4. (Color online) Schematic diagram of immune impedance analysis.

3.1 Humidity control of NC membrane process

The NC membrane manufacturing process in this paper uses the polymer phase conversion
membrane mechanism to convert the polymer NC solution into a continuous hole structure of
the film, where the principle of lateral flow chromatography is used to drive the gold
nanoparticles to the film detection area to bond with primary antibodies and subsequent
impedance measurements are taken. In the phase transition of polymer solutions, humidity is the
main factor that controls the pore structure. Therefore, porosity is discussed under the condition
of phase transition with different values of relative humidity (RH). The experimental humidity
ranges from 65 to 90% RH, and three repeated experiments are conducted at intervals of 5%
RH. The RH and porosity analysis chart is shown in Fig. 5.

Experimental results show that in phase conversion, 75—-80% RH results in higher porosity.
The average porosity at 75% RH is 57.63%, whereas the porosity at 80% RH is 53.77%. If the
porosity is higher, the NC membrane will have a higher ability to carry gold nanoparticles for
lateral flow chromatography, so that the concentration of the antigen to be detected has higher
discrimination. According to the research data on porosity, 80-90% RH also leads to higher
porosity, so a SEM system is used to study the surface structure of the NC membrane, as shown
in Fig. 6.

In the SEM images of the surface structure of the NC membrane, the pore sizes of the surface
structure at 75% RH and 90% RH are compared, and the gold nanoparticles used in this
experiment are found to have a particle size of 40 nm, which is suitable for NC with a molecular
size of about 10 pm. The size of the membrane pores matches the pore size obtained under the
phase conversion condition of 75% RH. Under the phase conversion condition of 90% RH, the
surface pores are of different sizes, and some surfaces have no pores, which will cause the
primary antibody coating in the T-line detection area to be ineffective and gold nanoparticles
cannot smoothly enter the NC membrane pores. Consequently, the conjugate of antigen—Au
nanoparticles—secondary antibodies cannot be captured in the detection area, resulting in failure
of the test. Therefore, under the phase inversion condition of 75-80% RH, the pore size is
consistent with the particle size of the gold nanoparticles used and the surface pores are relatively
uniform. Hence, this humidity range is selected as the optimal phase inversion condition.
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Fig. 5. (Color online) Phase-conversion relative humidity and porosity.
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Fig. 6. SEM images of surface structure of NC membrane under phase conversion conditions of (a) 75% RH and
(b) 90% RH.

3.2 Structure and thickness of NC membrane

In the NC membrane structure, in addition to the surface structure, the overall structure is
also very important. If the overall structure is poor, the porosity will be very low, and the antigen
cannot be successfully transferred to the detection area of the NC membrane. Therefore, a SEM
system is used to study the cross-sectional structure and thickness of the NC membrane, as
shown in Fig. 7.

In the cross-sectional structure of the NC membrane, under observation with a SEM system,
the NC membrane exhibits a dense continuous hole structure with a thickness of approximately
68 um and has a less blocky structure that blocks gold nanoparticles. The continuous hole
structure facilitates the delivery of the antigen, secondary antibodies, and gold nanoparticles to
the T-line detection area of the NC membrane. The primary antibody is coated on the T line to
capture the antigen, and the antigen connects the secondary antibody and gold nanoparticles. If
the gold nanoparticles are blocked by the discontinuous hole structure and cannot flow smoothly
to the detection area, the backend of the NC membrane is damaged. In impedance measurement,
for the same concentration of antigen, different amounts of gold nanoparticles are present,



788 Sensors and Materials, Vol. 36, No. 2 (2024)

W

TM-1000 x1.5k 50 um

Fig. 7.  Cross-sectional structure of NC membrane.

resulting in impedance differences. In this study, we successfully produced an NC membrane
with a dense and continuous hole structure in its cross section, which helps the backend
impedance measurement to discriminate various concentrations.

3.3 hCG-Ab concentration test

In the sandwich immune reaction detection experiment, the detection base hCG-Ab
parameters are fixed, so in this experiment, three different concentrations of hCG-Ab (5, 2.5,
and 1.25 mg/mL) are used to detect three concentrations of the hCG test antigen (37.5, 25, and
12.5 mIU/mL) with a gold nanoparticle-secondary antibody membrane (hCG-GC) concentration
of 8 pg/mL for immune detection. The frequency is set to 1000 Hz. Each concentration of hCG-
Ab corresponds to the impedance of each hCG concentration. The analysis results are shown in
Fig. 8.

The results in Fig. 8 show that hCG-Ab with a concentration of 1.25 mg/mL corresponds to
three different concentrations of hCG antigen. Compared with hCG-Ab at other concentrations,
the standard deviation is larger, which means that the antibody parameters measured using hCG-
Ab at a concentration of 1.25 mg/mL are less stable and its concentration discrimination is lower.
The possible reason is that the concentration of hCG-Ab is very low, which prevents the hCG
antigen from effectively conjugating with hCG-Ab, resulting in a relatively small amount of
antibody-conjugated gold nanoparticles in the sandwich immune reaction, leading to increased
impedance and error. In the study of hCG-Ab at 5 mg/mL, its impedance discrimination was
smaller than that of h(CG-AD at 2.5 mg/mL. Therefore, in the experiments, we used hCG-Ab with
an experimental concentration of 2.5 mg/mL as the subsequent experimental standard.

3.4 Relationship between hCG impedance and frequency

To explore how to measure the impedance differences of hCG antigen at different
concentrations at different frequencies, an LCR meter is used for detection. In this experiment,
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Fig. 8.  (Color online) Impedance analysis diagram of different concentrations of hCG-Ab corresponding to each
concentration of hCG.

we discuss the impedance electrical detection results of the sandwich immune reaction of hCG
antigen at various concentrations in the frequency range of 100-1200 Hz. The impedance
detection electrode chip is used to conduct the impedance sweep analysis of the hCG antigen at
12.5, 25, 37.5, and 50 mIU/mL. The detection results are shown in Fig. 9.

When detecting different concentrations of hCG antigen, the impedance difference between
concentrations is the largest at the low frequency of 100 Hz, but the standard deviation is very
large, resulting in the low concentration discrimination and stability of each concentration at low
frequencies. At 1100 Hz, the impedance difference between the concentrations is small, which
also means that the concentration discrimination is low. Particularly at the higher concentrations
of the antigen to be tested, 50 and 37.5 mIU/mL, the concentration discrimination is low.
Considering that the standard deviation has overlapped the impedance values of different antigen
concentrations, the frequency of 1100 Hz is not used. Compared with the low frequency of 100
Hz and the high frequency of 1200 Hz, when the frequency is 1000 Hz, the standard deviation
will not be so large as to cause the misjudgment of each concentration, and there is also a clear
concentration discrimination. It can be concluded that under the impedance detection electrode
chip and detection mechanism, using 1000 Hz for the sandwich immune electrical impedance
detection of the hCG antigen and taking into account the two factors of concentration
discrimination and standard deviation, the concentration discrimination is high and the standard
deviation is relatively small, so all the subsequent experiments were measured using the
sandwich immune electrical impedance at a frequency of 1000 Hz.
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Fig. 9.  (Color online) Frequency of sandwich immunoreaction and impedance of hCG antigen.

3.5 hCG detection impedance analysis

The aim of this study is to use electrical impedance to determine the hCG antigen
concentration. It is expected that the impedance values at different hCG antigen concentrations
will exhibit a clear concentration discrimination. Therefore, the impedance detection electrode
chip is used to detect the antigen concentrations of 0, 6.25, 12.5, 25, 37.5, 50, and 100 mIU/mL
for impedance measurement and analysis. The measured impedance corresponds to the antigen
concentration for impedance trend analysis, as shown in Fig. 10. Each concentration can be
discriminated, and the antigen concentration in the sample can be determined by detecting the
impedance. Figure 11 shows the color development status of the actual detection using the
impedance detection electrode chip. From left to right, the antigen concentrations are 6.25, 12.5,
25, 37.5, and 50 mIU/mL. It can be seen from this figure that the antigen concentration in the
specimen cannot be accurately determined by the color depth. Errors and misjudgments are
prone to occur, which further highlights the importance of impedance analysis. The threshold of
25 mlU/mL is selected, and concentrations close to the threshold are selected for further
calibration line analysis. The linear analysis results are shown in Fig. 12. The antigen
concentration in the sample is 6.25-100 mIU/mL and the corresponding impedance range is
1300—4700 ohm. The determination coefficient R? (coefficient of determination) of the
calibration line detection is 0.9899. The larger the coefficient of determination, the smaller the
deviation of the measured impedance points of each concentration from the trend line, and it is
easier and more accurate to determine the corresponding concentration of the measured
impedance based on the trend curve. The slope of the trend curve is 73.946. The larger the slope
of the trend curve, the more obvious the trend of the impedance change corresponding to
different concentrations and the greater the discrimination and sensitivity. It can be seen from
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Fig. 11.  (Color online) Actual measurement diagram of impedance detection electrode chip.
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Fig. 12. (Color online) Linear analysis chart of calibration curve of hCG antigen.

the detection line that the impedance detection electrode chip studied has good sensitivity and
concentration discrimination. It can determine the antigen concentration contained in the sample
through the impedance, solving the shortcomings of the subjective use of chromatographic

analysis to determine the antigen concentration and achieving completely quantitative
measurements.
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4. Conclusions

In this study, we successfully combined the rapid test with an electrode detection chip that we
designed. In the preparation of the NC membrane, the effects of porosity and film thickness on
the flow rate of the specimen were studied, and the NC membrane phase was verified at a
temperature of 30 °C and a relative humidity of 75-80%. The transformation of the NC
membrane can achieve the best combination with the impedance electrode chip. On the other
hand, we successfully transformed the conventional hCG qualitative detection into a quantitative
detection using impedance measurement. Conventionally, the naked eye is used to observe the
color development of the rapid screening reagent. When the concentration is lower than 50 mIU/
mL, the chromaticity of the color gradually becomes lighter. However, by the impedance
detection method in this study, the detected concentration can still be distinguished when the
hCG concentration ranges from 6.25 to 50 mIU/mL. The coefficient of determination between
the impedance and the hCG concentration reaches 0.9899. This shows that the impedance
electrode chip developed in this study has been successfully combined with the NC membrane.
In the future, it is expected to be combined with different detection items to provide a new
immunoassay detection method for disease detection and medical analysis.
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