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� Direct laser writing for low cost
immunosensor fabrication.

� Use both FEM simulation and con-
centration test to validate the system
performance.

� Highly reproducible impedance
measurement results.

� High device-to-device uniformity.
� Limit of detection is down to 10 ng/
ml for IgG immunosensing.
a r t i c l e i n f o

Article history:
Received 13 December 2018
Received in revised form
18 March 2019
Accepted 28 March 2019
Available online xxx

Keywords:
Disposable immunosensor
Impedance sensor
Direct laser writing
Label-free immunoassay
a b s t r a c t

Immunoassay is a powerful technique to identify and quantify biological molecules, which base on the
specificity and selectivity of antigen-antibody interaction. Impedance-based immunosensor has recently
shown a great potential to provide rapid and label-free detections. However, the conventional
impedance-based immunosensors rely on dedicated electrochemical measurement interface which in-
volves expensive fabrication procedures such as gold deposition and photolithography. In this work, we
propose an ultra-low-cost and high processing efficiency platform for impedance-based immunosensing.
With effortless operations of direct-laser-writing, an impedance-based immunoassay can be fabricated
within 5min in standard laboratories. The as-fabricated devices have shown great stability and a high
device-to-device uniformity. In order to further validate impedance sensing system's performance, finite
element analysis and impedance equivalent model analysis were performed. The measured data was
consistent with the simulation results. With the standard gold electrodes surface bio-functionalization
procedures, the disposable immunoassay can detect anti-IgG down to 10 ng/ml.
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1. Introduction

Immunoassay is a standard technique for a wide range of ap-
plications, which is frequently applied to detect cancer biomarkers,
virus, and other antigens [1e3] due to the specificity of antigen-
antibody interaction. The conventional immunoassay methods
include the enzyme-linked immunosorbent assay (ELISA) [4,5],
immunofluorescence techniques [6], radioimmunoassay (RIA) [7,8],
nosensor array with direct-laser writing platform, Analytica Chimica
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mass spectrometric immunoassay [9,10], chemiluminescence assay
[11,12], immunologic colloidal gold signature (ICS) [13,14], elec-
trophoretic immunoassay [15], immune-polymerase chain reaction
assay [16], etc. In clinical laboratories, the ELISA immunoassay
method has been widely used, but the process of ELISA test is
complicated, and the microplate readers are expensive and bulky,
which no longer meets the current needs of immunoassays. The
next-generation immunoassay techniques should have simplified
operation, high specificity, high sensitivity, label-free and low cost
[17e19].

Compared to the complicated process of ELISA test, electro-
chemical sensors provide a simpler method for immunoassay
[20,21]. The electrochemical immunosensor provide the possibil-
ities for label-free detection, detecting electrical signals instead of
optical signals. They have been widely applied in biological de-
tections at different scales, including but not limited to organs,
tissues, cells and biomolecules [22]. A standard electrochemical cell
[23] consists of conductive electrodes and sample-under-test (SUT).
In the biological world, the majority of SUT is solution based, and
the properties of the electrode-electrolyte interface are as impor-
tant as those of the bulk sample itself in such electrochemical
detection systems [24]. Impedance-based measurement, also
known as electrical impedance spectroscopy, is emerging as a
powerful tool for bio-molecules detection. The electrical properties
of the SUT can be depicted by equivalent circuits consisting of
basic electrical components. The values of the components are
directly linked to certain properties of the SUT. By extracting the
parameters of the equivalent circuit, both the electro-electrolyte
interface and the bulk solution can be characterized in one mea-
surement. In addition, with suitable electrode functionalization
techniques, the functionalized impedance electrodes can perform
label-free detection for DNA [22,25,26] or proteins [27] with high
selectivity and sensitivity. However, most of the current
impedance-based immunosensors rely on semiconductor thin-film
metal patterning techniques, such as photo-lithography or e-beam
lithography. Both of them require dedicated cleanroom environ-
ment, expensive facilities and experienced processing engineers.
Although the impedance-based immunosensing system has ad-
vantages compared to standard techniques, the complicities of
fabrication procedures have become the main restraint for it to be
used in more applications [26].

To solve the above problem, in this paper reports a one-step
fabrication of impedance-based immunoassay using direct-laser
writing technique. With a standard CO2 laser writer, the elec-
trodes and sample wells can be easily fabricated within 5min. The
system is validated by both finite element analysis (FEA) and
immunosensing reactions.
2. Materials and methods

2.1. Chemicals

11-Mercaptoundecanoicacid (11-MUA, 98%), N-(3-
Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC,
99%), N-Hydroxysuccinimide (NHS, 98%),K3[Fe(CN)6] (99%) and
K4[Fe(CN)6] (98.5e102.0%) were purchased from Sigma-Aldrich.
Mouse Immunoglobulins G (IgG), goat anti-Mouse IgG (Anti-IgG)
antibody were purchased from Beijing Biodragon Immuno-
technologies Co., Ltd (Beijing, China). Phosphate buffer saline (1� )
(PBS, pH 7.2) was obtained from HyClone. Anhydrous ethanol,
isopropanol, acetone were purchased from Sinopharm Chemical
Reagent Co., Ltd. All chemicals were used as received without
further purification. Deionized (DI) water (18.2MU) was supplied
by a Milli-Q water purification system.
Please cite this article as: K. Jin et al., Disposable impedance-based immu
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2.2. Design and fabrication of impedance-based immunoassay

Fig. 1 shows the system diagram of the disposable immuno-
sensor platform. The system consists of a gold-coated glass slide
and a plastic sheet with sample wells. Glass slides were purchased
from GITOGLAS. After standard substrate cleaning procedures, a
layer of 50 nm gold was deposited with thermal evaporation
technique. The electrodes patterns were designedwith CorelDRAW.
Two designs were characterized in this work, U-shaped electrodes
and W-shaped electrodes. The effective channel lengths of the two
designs were 8.71mm (U-shaped) and 9.36mm (W-shaped). The
detailed electrodes design and dimensions are shown in the
Supplementary Fig. S1.

Poly(methyl methacrylate) (PMMA, also known as acrylic) was
chosen to create the sample wells. Acrylic is non-toxic, corrosion-
resistant and low-cost. Acrylic sheets (2mm thick) were purchased
from Mitsubishi, Japan. A 2-by-5 array was fabricated with a pitch
of 9mm, and the diameter of the sample well is 6mm. The ge-
ometry of the wells matches the mainstream 96-well assay plate,
making it compatible with all standard bio-chemistry liquid sample
handling tools.

Laser processing is a standard material processing technique
(for both metals and non-metals) by utilizing a high-power-density
laser beam. Among different types of lasers, the CO2 laser is the
most commonly used, which can be used for cutting, welding,
surface treatment, drilling and micromachine [28]. In this work,
CO2 laser is used to cut the gold thin-film to create the electro-
chemical electrodes. To create an ideal electrode pattern with an
electrode spacing of 100 mm, the processing parameters are set as
follows: 1) laser power intensity: 10W, 2) laser working distance:
8mm, and 3) laser movement speed: 18mm/s.

The patterned acrylic was cleaned using ultrasonic with soap
water and DI water for 5min each, and then dried with a nitrogen
gun. The gold electrode was cleaned using ultrasonic with acetone,
isopropanol and DI water for 5min each, and then dried with a
nitrogen gun. UV sensitive glue (Mi Zhan Technology (Shen Zhen)
Co., Ltd. was used to assemble the electrodes and the acrylic wells.
After the assembling, the fabricated device was soaked in 100%
ethanol for 5min, and then dried with a nitrogen gun.

2.3. FEA simulation model

FEA of the U-shaped and W-shaped electrodes were performed
using COMSOL Multiphysics AC/DC packages. A 3-dimensional
model (as shown in Supplementary Fig. S2) was built by practical
dimensions of the fabricated immunosensor. The electrolyte's
properties were calculated from the datasheet of the PBS buffer
[29]. For both U-shaped and W-shaped electrodes, the inner elec-
trode was injected with a 1 A input current, and the outer electrode
was connected to a high Z end to record the voltage. The stimulus
frequency was set at 10 kHz.

2.4. Electrodes validation tests

For both U-shaped electrodes and W-shaped electrodes, vali-
dation tests were performed with different concentrated PBS so-
lutions. PBS 0.0625� , PBS 0.125� , PBS 0.25� and PBS 0.5�were
prepared by diluting PBS 1�with DI water.

2.5. Electrode functionalization

In this work, anti-IgG is selected to be detected, which is known
as a typical antibody for bio-sensing system development and
validation tests. Then the IgG is applied to form the sensing
structure. The function of the sensing system is tested by the
nosensor array with direct-laser writing platform, Analytica Chimica



Fig. 1. System diagrams of the disposable immunosensor. a) fabrication steps for PMMA sample wells and gold electrodes with direct-writing laser: Step 1. Laser writing; Step 2,
alignment; Step 3 assembling. b) Top view of the sensor array model. c) Real picture of the fabricated sensor. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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specific immune response of the anti-IgG and IgG. So the electrodes
need to be modified by the IgG. Before the experiment, each well
was cleaned with absolute ethanol for 5min, then soaked in DI
water and dried with nitrogen. The cleaning procedure was used as
a standard between each step. First, 2mM 11-MUA ethanol solution
was added into thewells and held for 1.5 h. Second, a 1:1mixture of
EDC (50mM) and NHS (50mM) was added and held for 30min to
activate the carboxyl groups of the 11-MUA on the surface of gold
electrode. After cleaning, the activated surface was conjugated with
mouse IgG (25 mg/ml) in each well for 1 h. After the incubation, the
device was washed with PBS and DI water. 100mM ethanolamine
was added and held for 1 h as the blocking material. The device was
then ready for immunosensing.

2.6. Impedance-based immunosensing

All electrochemical measurements were performed on a Gamry
Interface 1010 E electrochemical workstation. The impedance
spectrum was measured over the frequency range from 0.1 Hz to 1
МHz with a 5mV peak-to-peak amplitude. In the validation test,
the PBS solution with different concentration was measured
directly. For the immunosensing experiments, all measurements
were carried out with PBS (pH 7.2) containing 5mMK3Fe(CN)6/
K4Fe(CN)6 redox solution.

3. Results and discussion

3.1. FEA simulation

The impedance measurement in this work is based on a bipolar-
electrode arrangement [2]. As shown in Fig. 2, the red part is the
internal electrode (U-shaped or W-shaped) connected to the
stimulus source, and the blue part is the external electrode for
reading (as shown in Supplementary Fig. S4). Five groups of PBS
solution with different concentration was used as the SUT for
simulation. The SUT concentration and the electrical parameters
are listed in the Supplementary Table S1. The simulated impedance
values are used as the reference for the validation test in Section
3.2.

The electric potential distributions for both U-shaped and W-
shaped electrodes systemwith PBS 0.0625� solution are shown in
Please cite this article as: K. Jin et al., Disposable impedance-based immu
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Fig. 2. The top view (X-Y plane) illustrates the electric potential at
the electrode surface, where the outer electrode as the readout is
set at 0 V. For both U-shaped and W-shaped arrangements, three
cut planes at Y (�1.5mm, 0mm, 1.5mm) are also plotted to show
the potential distributions at the X-Z direction.

3.2. Validation tests

A group of electrode validation tests were carried out with PBS
solution at different concentration. Five wells with U-shaped
electrodes and five wells with W-shaped electrodes were used in
this experiment. Each of themwas used to measure the impedance
of all five different concentrated PBS solution independently. Fig. 3
shows the Bode plots for the impedance measurement with one
well of U-shaped electrodes and W-shaped electrodes. For both
electrode arrangements, the impedance shows purely resistive
behavior at high frequencies (above 10 kHz), where the capacitive
behavior dominates the lower frequency range. The measured data
(shown in Fig. 3 as dots markers) can be fitted with an equivalent
circuit (shown as the sub-figure in Fig. 3a and c). The Rs is the
resistance of the bulk solution, and a constant phase element (CPE,
a non-ideal capacitance in electrochemical cell) and a charge
transfer resistance (Rct) are paralleled connected. The equivalent
circuit model-fitted data is shown in Fig. 3a, b, 3c and 3d as solid
lines. All five different concentration measurements with 10 inde-
pendent sample wells (5 U-shaped and 5W-shaped) have been
fitted using this model with a high consistency. The fitted data in
full is listed in the Supplementary Tables S2 and S3.

Fig. 3e and f shows the plots of equivalent model-fitted Rs versus
PBS concentration for both U-shaped and W-shaped electrode. The
plotted data is the average of five measurements in different wells,
and the standard deviations (STD) are plotted as error-bars. With
the same electrode pattern design, the measurement data shows a
high level of uniformity. At each concentration, the error-bar of the
model-fitted Rs is less than 3% of the average value, which is almost
neglectable on the plots. This proves that the direct-laser-writing is
able to produce highly uniform impedance sensors.

The black dashed lines in Fig. 3e and f are the FEA simulated
impedance for different concentration. For both U-shaped and W-
shaped electrodes, there are offsets on the resistance value be-
tween the FEA simulation and model-fitted one. It is due to the
nosensor array with direct-laser writing platform, Analytica Chimica



Fig. 2. Finite element analysis of two electrode arrangement. a) the electric potential distribution of the U-shaped electrodes, including the top view (X-Y), and three cut-planes (X-
Z). b) the electric potential distribution of the W-shaped electrodes, including the top view (X-Y), and three cut-planes (X-Z).
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geometry mismatch between the 3D finite element model and the
direct laser patterned device. The slopes of the resistance versus
concentration of FEA simulation and model-fitted results, as the
key to identify the sensing performance, are identical [30]. This
indicates that the fabricated disposable sensor is a reliable platform
where the performance is very close to the theoretical.
Please cite this article as: K. Jin et al., Disposable impedance-based immu
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In addition, for the impedance measurement, the measured
results are directly related to the geometry of electrodes. The
effective channel length between the two electrodes would deter-
mine the measured impedance [2]. In this work, the U-shaped
electrodes and W-shaped electrodes were designed with similar
effective channel length. From the detailed geometries in
nosensor array with direct-laser writing platform, Analytica Chimica



Fig. 3. Bode plots for validation tests. a) and b) show the impedance measurements for five different concentrated PBS with U-shaped electrodes. c) and d) show the impedance
measurements with W-shaped electrodes. e) shows the equivalent circuit fitted Rct versus the PBS concentration for U-shaped electrodes. f) shows the equivalent circuit fitted Rct
versus the PBS concentration for W-shaped electrodes.
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Supplementary Fig. S1, the effective length of U-shaped electrodes
is 8.7mm and the W-shaped one is 9.3mm. This explains why the
model-fitted Rs values at all concentration are all very close be-
tween U-shaped electrodes and W-shaped electrode.

The surface of laser patterned gold-coated slide was studied by
SEM (shown in Supplementary Fig. S3), the cutting foot-print is
about 100 mm wide with relatively clean edges. Since U-shaped
electrodes and W-shaped electrodes give a similar sensing
Please cite this article as: K. Jin et al., Disposable impedance-based immu
Acta, https://doi.org/10.1016/j.aca.2019.03.053
performance (with similar effective channel length), the U-shaped
one employs less complicated laser-cutting route. This advantage
contributes to a better uniformity for U-shaped design over W-
shaped. The point has also been proved in the experiments, where
the STD of U-shaped data is only half of that of the W-shaped ones.
Therefore, only U-shaped electrodes were used to carry out the
following experiments in this work.
nosensor array with direct-laser writing platform, Analytica Chimica
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3.3. Immunosensing in one sample well

Fig. 4 shows the impedance-based immunosensing experiment
which was carried out in a single sample well with U-shaped
electrodes. The impedance of 5mM K3Fe(CN)6/K4Fe(CN)6 redox
solution was measured between each electrode bio-
functionalization step. Fig. 4a depicts the steps for IgG electrode
functionalization, including 11-MUA modification (a type of self-
assembled monolayer, SAM), IgG bonding and blocking process.
From the Cole-cole plot in Fig. 4b, the impedance characteristics
have clearly shown that the electrode surface has been successfully
modified. The bare gold electrode measurement is inserted as a
sub-plot in Fig. 4b due to the different scales. After the electrode
functionalization, different concentrated anti-IgG samples were
added into thewell to trigger the reactions. 0.025 mg/ml, 0.25 mg/ml,
2.5 mg/ml and 25 mg/ml anti-IgG samples (in PBS) were added in
sequence and held for 1 h each. Impedance measurements were
carried out with K3Fe(CN)6/K4Fe(CN)6 between each reaction. The
Cole-cole plots for four reactions are shown in Fig. 4c, where the
overall impedance raises up as the anti-IgG concentration in-
creases. The dots data points are taken from themeasurements, and
Fig. 4. Immunosensing experiment in single sample well. a) electrode functionalization pr
modification steps. c) Cole-cole plot of the different concentrated IgG samples. d) The plot

Please cite this article as: K. Jin et al., Disposable impedance-based immu
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the solid lines are the equivalent circuit model-fitted results. The
equivalent circuit used here is shown in the sub-plot of Fig. 4c. The
Ret indicates the Faradaic current strength which is directly related
to the numbers of antibody-antigen bonding. The value of Ret is also
the indicator of the detected concentration of anti-IgG in this
experiment. Fig. 4d plots the model-fitted Ret versus the anti-IgG
concentration, and a good linearity is observed. The linear rela-
tionship between the measured impedance and analyte concen-
tration can be obtained from Fig. 4.

3.4. Immunoassay experiment

In modern biological testing, 96-well assay plate is the most
common platform for immunoassay experiment. To promote the
impedance-based immunosensing platform, it is important to
duplicate a standard immunoassay experiment in the 96-well plate.
Four identical sample wells with U-shaped electrodes were func-
tionalized with the same protocol as described in Section 3.3. After
the IgG functionalization, four different concentrated anti-IgG
samples were added into the four sample wells and held for 1-h
reaction. Based on the findings of the experiment in section3.3
ocedures. b) Cole-cole plot of the impedance measurements between each electrode
of Ret versus IgG concentration.

nosensor array with direct-laser writing platform, Analytica Chimica
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(analyte concentration range is from 25 ng/ml to 25 mg/ml), we
determined the analyte concentration range (100 ng/ml, 33.3 ng/
ml, 11.1 ng/ml and 3.7 ng/ml) for the experiment to find the limit of
detection of the system. Low concentration range (compared to the
experiment in Section 3.3) was chosen to find out the detection
limit of the system. Fig. 5 shows the normalized Faradaic resistance
(DR) versus the anti-IgG concentration. The normalized value is
calculated by the following equation:

DR ¼ log10

 
Ret,anti�IgG

Ret,blocking

!
(1)

Ret·blocking is the model-fitted Faradaic resistance after the IgG
functionalization in each well, which is used as the baseline for the
measurement. Ret·anti-IgG is the model-fitted value after the
immune-reactions in each well. In an extreme condition, when the
anti-IgG concentration is zero, themeasured Ret·anti-IgG should equal
to the baseline Ret·blocking, which will result in a zero DR. However,
every sensing system in practice has its own detection limit which
is mainly caused by the noise from the environment and the
detection system.

Fig. 5 depicts the relationship between the anti-IgG concentra-
tion versus the DR. At higher concentration range (100 ng/ml,
33.3 ngml and 11.1 ng/ml), the data can be fitted with linear
regression. The squared correlation coefficient (R2 as shown in
Fig. 5) is 0.9995which indicates a great linearity between DR versus
the anti-IgG concentration (at log-scale). As the sample concen-
tration reduces to 3.7 ng/ml, the data is no longer able to provide a
correct reading, where the output can be considered as the system
noise floor. By taking this value (DRz 0.163 at anti-IgG concen-
tration of 3.7 ng/ml) into the linear regression equation:

DR ¼ 0:143,log10ð½C�Þ þ 0:021 (2)

the limit of detection of the system can be determined to be around
10 ng/ml which is comparable with the state-of-the-art IgG elec-
trochemical sensors [31,32]. In addition, the linear regression slope
is an indicator of system's sensitivity. It is worthy to mention that
the fitted slope in this experiment (0.143) matches the slope in the
experiment in Section 3.3, which is another powerful evidence to
prove the great uniformity of the disposable immunoassay
platform.
Fig. 5. Immunoassay experiment results for anti-IgG.
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4. Conclusions

In this paper, disposable impedance-based immunosensors
have been fabricated using direct-laser writing techniques. With
both FEA simulation and PBS concentration validation tests, the
system shows great stability and device-to-device uniformity. With
IgG gold-electrode biofunctionalization processes, the immuno-
assay shows a great linearity with a detection limit down to 10 ng/
ml. Therefore, this low-cost immunosensor based on laser direct
writing technology is a reliable platform for conducting immuno-
assay experiments.
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