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Gold-nanourchin complexed silicon
dioxide-probe on gap-fingered interdigitated
electrode surface for Parkinson’s Disease
determination by current–volt measurement
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Abstract
Parkinson’s disease (PD) is a nervous disorder, affects physical movement, and leads to difficulty in balancing, walking, and
coordination. A novel sensor is mandatory to determine PD and monitor the progress of the treatment. Neurofilament light
chain (NfL) has been recognized as a good biomarker for PD and also helps to distinguish between PD and atypical PD syn-
dromes. Immunosensor was generated by current–volt measurement on gap-fingered interdigitated electrode with silicon
dioxide surface to determine NfL level. To enhance the detection, anti-NfL antibody was complexed with gold-nanourchin
and immobilized on the sensing electrode. The current–volt response was gradually increased at the linear detection
range from100 fMto1 nM. Limit of detection and sensitivitywere 100 fMwith the signal-to-noise ratio atn¼ 3 on a linear curve
(y¼ 0.081xþ 1.593; R2¼ 0.9983). Limit of quantification falls at 1 pM and high performance of the sensor was demonstrated by
discriminating against other neurogenerative disease markers, in addition, it was reproducible even in serum-spiked samples.
This method of detection system aids to measure the level of NfL and leads to determine the condition with PD.
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Introduction

Parkinson’s disease (PD) is a progressive brain disorder,

occurs in the area of the neurons or nerve cells, and causes

problems in the movement.1,2 A significant loss has been

noticed with PD, caused uncomfortable lifestyle and

severe health issues. Identifying and diagnosing PD with

an ideal biomarker is mandatory to give the proper follow-

up treatment.3 Neurofilament light chain (NfL) is a neu-

ronal cytoplasmic protein, expressed highly in the area of

myelinated axons. Researchers found that the level of NfL

is increasing in blood and cerebrospinal fluids proportion-

ally and cause neurological disorders, such as traumatic,
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neurogenerative, and PD.4–6 In particular, it has been

proved that the level of NfL is increasing in PD disorder

patient and potential alternate biomarkers for neurogen-

erative diseases. Generating a detection system to quan-

tify NfL level in the cerebrospinal fluid helps to diagnose

PD.7,8 Predominantly, the surface of the sensor plays a

crucial role for high-performance detection with a rightly

oriented biomolecular immobilization.

Rapid identification, label-free, and quantitative detec-

tion of diseases is the primary target in medical healthcare

and diagnostic to provide an accurate output. The main

focus of modern medical diagnostic is to develop and find

new applications with nano-biosensor, applicable to medi-

cal benefits. Different nanomaterials, including magnetic

nanoparticles, nanofibers, carbon nanotubes, and gold

nanoparticles, are being utilized to enhance the detection

of biomarkers (protein and DNA) responsible for a specific

disease. Probes such as an antibody, aptamer, and DNA

have been used with these nanomaterials for generating

efficient and specific biosensors. Different tests were dis-

played with sensors to be perfect in diagnosing the target

and yield the results in a lesser span of time. A good sensing

surface is needed to quantify the level of NfL at its lower

level. An interdigitated electrode (IDE) sensor is a well-

established sensor that helps to detect various targets with

the probing molecules, such as DNA, RNA, protein, anti-

body, aptamer, and peptide.9–11 The configuration of the

interdigitated pattern allows two electrodes to be infused.

Distance between two electrodes has been minimized to a

smaller area, which improves the ion diffusion that results

in a good rate capability and power density performance.

Spectroscopy and current–volt system are well-established

techniques, which help to monitor the liquid changes and

solid interface of electrodes formed by biological, physical,

and chemical layers during the recognition events.12–15 The

experiments are here demonstrated to quantify the NfL

concentration on anti-NfL-modified IDE. The detection

of NfL was enhanced by conjugating anti-NfL with gold-

nanourchin and immobilized on IDE sensor.

Application of nanomaterials in the field of biosensor

showed a fast response and detection of various targeted

biomolecules.16–18 Due to the smaller size and larger sur-

face area, the sensing surface helps to enhance the limit of

detection of targeted biomolecule.19 Among different sur-

face materials, gold is one of the long-standing materials

due to its unique optical property and suitability with bio-

molecular functionalization.20 Gold nanomaterials have

been utilized in two ways in the detection system: one is

for surface physical functionalization and the other one is

to conjugate with detection or capture biomolecule.21,22 In

this research, anti-NfL was immobilized on the surface of

the gold-nanourchin and attached to the sensing surface

through chemical modification. This electrode was uti-

lized to measure the NfL level through its interaction with

its antibody. This interaction was monitored by observing

the changes in the response of current due to the

interaction of NfL and anti-NfL. Further, a gold-

nanourchin hybrid was utilized to generate the higher per-

formance sensing.

Materials and methods

Biomolecules and instruments

(3-Aminopropyl)triethoxysilane (APTES; 99%), 16-

mercaptohexadecanoic acid (16-MDA; 99%), and ultra-

pure grade phosphate buffer solution (PBS, pH 7.4) were

purchased from Sigma-Aldrich (Missouri, USA). Gold-

nanourchin (approximately 1.96 � 1010 particles/mL; one

optical density (OD); 0.1 mM PBS; size approximately

60 nm) was from Nanocs (New York, USA). Ethanolamine

(�98%) was from Fisher Scientific Ltd (Loughborough,

UK). Gel-electrophoresis pure NfL antigen and anti-NfL

antibody were received from Abcam Research Products

(Cambridge, UK). N-hydroxysuccinimide (NHS; 98%) and

N-ethyl-N0-(3-dimethylaminopropyl)carbodiimide hydro-

chloride (EDC; �97%) were purchased from GE Health-

care (Illinois, USA). Field-emission transmission electron

microscope (FETEM, Jeol Ltd, Japan), field-emission

scanning electron microscope (FESEM, Hitachi Multina-

tional Conglomerate Company, S-4300 SE, Japan), and

atomic force microscope (AFM, Nanoscope, Ica, Veeco,

New York, USA) were used to analyze the morphology

of the gold-nanourchin. A Hawk 3D Optical Surface Pro-

filer (Pemtron Co. Ltd, South Korea) was utilized to mon-

itor IDE surface. Current–volt measurements were

conducted by utilizing a Picoammeter (Keithley 6487) with

a supply of a linear sweep (0–2 V) at a step of 0.1 V.

Positive and negative electrodes were used as a dual prob-

ing system with PBS and used as the electrolyte. All

reagents are analytical grade and highly pure used without

further purification step.

Designing pattern on chrome mask

The current–volt sensor surface pattern was designed using

the software “AutoCAD 2013.” The dimensions with the

length 7000 mm, width 4000 mm, gap size 75 mm, finger-

gap pairs 16 and electrode size 100 mm; electrode thickness

45 nm; and finger length 3500 mm were utilized to generate

the pattern on IDE. The desired dimensions were printed

on the photomask, pasted on the chrome glass surface, and

then fixed with UV exposure for transferring the pattern.

The surface of silicon dioxide was layered with an alumi-

num thin film by placing in the direction opposite of glass

and UV light was exposed (10 s). The prepared pattern was

transferred on the electrode by performing the developing

process (Figure 1(a)).

IDE fabrication

The IDE was prepared using the conventional fabrication

of microelectronic process by the following steps.23,24
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Initially, the basic IDE with dielectrodes was designed

using AutoCAD software and chrome was prepared. (i)

Wafer (4 in) containing native oxide was prepared; (ii)

inorganic material on the wafer was removed by Piranha

and buffered oxide etch solutions; (iii) thick oxide layer

with 2800 Å was deposited using the thermal oxidation;

(iv) wafer with oxide layer will be scribed quarterly into

four for the better handling; (v) aluminum layer with 45

nm was produced using 3 cm long and 0.5 mm diameter

using thermal evaporator method with the optimized para-

meters; (vi) spin-coater (2500 r/min) was used to form a

positive photoresist layer; (vii) the surface was soft-baked

for 60 s (at 90�C); (viii) chrome mask was arranged with a

wafer and UV light was exposed (for 10 s); (ix) unexposed

area was removed by RD6 developer; (x) the prepared

surface was hard-baked for 120 s (at 90�C); (xi) desired

area was removed by aqua regia; and (xii) the produced

surface was washed by acetone. The prepared wafer with

IDE design at multiple numbers was cut and stored in the

desiccator until further use. Before being used, the IDE

surface was checked under a microscope and tested by

current–volt system to make sure the fabricated surface

was retained.

Preparation of anti-NfL antibody-conjugated
gold-nanourchin and UV spectrophotometry

To conjugate anti-NfL antibody on the gold-nanourchin

surface, 1 mL of gold-nanourchin (0.1 OD.; approximately

0.196 � 1010 particles/mL) was added with the mixture of

5 mM 16-MDA and equal ratio of 1-Ethyl-3-(3-dimethyla-

minopropyl) Carbodiimide (EDC) (200 mM) and N-hydro-

xysuccinimide (NHS) (50 mM), and stirred this mixture at

room temperature (RT) for 15 min. After that, 200 nM of

anti-NfL antibody (approximately 0.196Eþ10 particles/200

nM) diluted in 10 mM PBS (pH 7.4) was added to that

solution after removing the unbound molecules by centrifu-

gation (10,000 � g) and kept at RT for 2 h under the

condition of stirring. Then, the antibody-conjugated gold-

nanourchin was separated by centrifugation as above and

washed three times by water. The total concentration of

antibodies was measured by nanodrop before and after

immobilization. The adsorption of gold-nanourchin before

and after immobilization was analyzed using a UV-visible

spectrophotometer.

IDE surface functionalization

Gold-nanourchin-antibody immobilized IDE was formed

to quantify the level of NfL antigen. Briefly, 5 mL of

APTES was diluted in 30% ethanol, dropped on IDE, and

kept at RT for 2 h. And then, the electrode was washed by

30% ethanol followed by 10 mM PBS. Then, the above

conjugated 5 mL of gold-nanourchin-antibody was placed

on the electrode and kept for 1 h to attach the antibody on

IDE. The gold-nanourchin-antibody modified immobilized

electrode was utilized to interact with NfL antigen by mea-

suring the current changes upon the interaction.

Detection of NfL antigen on gold-nanourchin-antibody
modified surface

Before detecting NfL antigen, the remaining electrode sur-

face was flooded by ethanolamine to avoid the nonspecific

interaction. For that, 1 M of diluted ethanolamine was

placed on the gold-nanourchin-antibody modified IDE and

Figure 1. (a) Scheme for fabrication steps with IDE. An arrangement on IDE surface is enlarged. (b) The 3D nanoprofilar image of IDE.
Gap and finger regions are displayed. IDE: interdigitated electrode.
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waited for 30 min to mask the uncovered APTES surface.25

Further, the electrode was washed by PBS, and then, the

level of current was noted at this point. Initially, 1 nM of

NfL was interacted on the gold-urchin-antibody surface

and kept for 10 min. After washing the surface with 10

reaction volumes of PBS, the current level was monitored

again. The difference in the current before and after adding

NfL was considered as the binding level of NfL antigen

with its antibody. Between each step, washings were done

and all the experimental conditions were wet, unless

otherwise stated.

Limit of detection and limit of quantification with NfL
interaction

Limit of detection of NfL was calculated by conducting the

experiments with the binding affinity of different linear

concentrations of NfL antigen with gold-nanourchin-

antibody. For that, NfL antigen concentrations from

10 fM until 1 nM were titrated independently by dropping

on the gold-urchin-antibody modified IDE surface. The

changes of current between before and after an interaction

at each concentration were noted.26,27 The current differ-

ences were plotted in an excel sheet and calculated. The

limit of NfL detection was the lowest analyte concentration

that was distinguished from the blank as 3s [LOD ¼ stan-

dard deviation of the baseline þ 3s]. Limit of NfL quanti-

fication is the lowest concentration at which the NfL

reliably detected at the condition the predefined goals for

bias and imprecision are met.28 All experiments were con-

ducted in triplicates and estimated (n ¼ 3). Blank solution

was 10 mM PBS (pH 7.4) and used for the measurements

and calculation.

Selective detection of NfL and reproducibility

To demonstrate the high performance, specific control

experiments were conducted independently with the neu-

rogenerative related markers, namely a-synuclein,3 DJ-1,29

and PINK 1.30 Control proteins at 1 nM were diluted in

PBS and interacted on gold-nanourchin-antibody surfaces

for 10 min. After washing the surface, the current changes

were registered and compared with the similar 1 nM of

concentration of NfL antigen. Similar experiments were

performed with 1:100 dilution of serum by spiking a-synu-

clein, DJ-1, PINK1, and NfL antigen to get to know the

selective detection of NfL antigen in the biological

samples.

Results and discussion

This research was mainly focused to diagnose the PD with a

suitable biomarker using IDE sensor (Figure 1(b)). NfL anti-

gen for determining PD has been proved as one of the good

biomarkers and found to be at higher level in PD patient.

Effective surface functionalization on the sensor plays a

crucial role in the detection of the desired target. In partic-

ular, higher number of probe immobilization on the sensing

surface leads to lowering the limit of detection of the target.

Different chemical and physical modifications have been

utilized to attach a higher biomolecule on the sensing sur-

faces. Recently, the nanoparticle is getting a greater attrac-

tion for the process of surface functionalization. In the

current work, gold-nanourchin was utilized to immobilize

more numbers of anti-NfL antibodies on IDE using the

APTES linker (Figure 2(a)). Before immobilizing the gold-

nanourchin-antibody complex on the above surface, the

conjugation process of antibody (Figure 2(b)) on the gold-

nanourchin was confirmed by UV-Vis spectrometer. The

conjugation process involves 16-MDA and has ended with

COOH (carboxyl) and SH (thiol) groups. It is widely known

that SH has affinity to the gold surface, whereas COOH

reacts with amine (NH2) group, and in the current study,

COOH reacts with NH2 group on the anti-NfL antibody.

EDC helps to conjugate NHS with COOH and forms a stable

NHS ester.31 As shown in Figure 2(c), gold-nanourchin exhi-

bits a maximum peak absorbance of around 520 nm, and the

peak was shifted after complexing the antibodies on gold-

nanourchin. It clearly shows that the antibody-conjugated

gold-nanourchin produces a redshift under the UV-Vis spec-

trometer scanning. This result attests to the attachment of

antibodies on the surface of the gold-nanourchin. This con-

jugation was utilized to determine the level of NfL antigen

on IDE surface. The uniform appearance of IDE surface was

confirmed under 3D nanoprofiler and clear gap, and finger

regions were observed (Figure 1(b)).

Surface morphology: Nanoscale imaging

The intactness of the gold-nanourchin was confirmed by

three different high-resolution microscopies (FESEM,

FETEM, and AFM). FESEM analyses were performed at

�60 k and �150 k; the obtained images have displayed the

uniformly structured and sized gold-nanourchin (Figure 3(a)

and (b)). By observing the images, possibly, an organosilane

core shell containing anti-NfL antibody has been formed.

The measured size of gold-nanourchin was at approximately

60 nm. Similarly, FETEM analyses were done at�150 k and

�300 k high-resolution scales and supported the size of

gold-nanourchin to be approximately 60 nm, which displays

the size and shape distribution of gold-nanourchin

(Figure 3(c) and (d)). Further support was rendered by AFM

analysis and the result shows the intact shape and structure of

gold-nanourchin (Figure 3(e) and (f)).

Biomolecular immobilization on IDE surface

To determine NfL antigen, gold-nanourchin-antibody con-

jugation was followed as the probe on IDE. Figure 4(a) shows

the immobilization process of gold-nanourchin-antibody on

APTES-modified IDE surface. As displayed in the figure,

bare surface shows the current level as 5.0 � 10�7 A, after

4 Nanomaterials and Nanotechnology



Figure 2. (a) Scheme for surface functionalization and detection of NfL on gold-nanourchin-antibody modified IDE. Immobilization
process using APTES linker and detected by NfL. (b) Gold-nanourchin conjugation process with antibody. Gold-nanourchin was initially
attached with 16-MDA, then activated by EDC and NHC followed by antibody was reacted. (c) UV-Vis spectrometer analysis. Spectrum
before and after the antibody attachment on gold-nanourchin is shown. After antibody immobilization can observe from the clear shift
of the spectrum. IDE: interdigitated electrode; NfL: neurofilament light chain; EDC: N-ethyl-N0-(3-dimethylaminopropyl)carbodiimide
hydrochloride; 16-MDA: 16-mercaptohexadecanoic acid; APTES: (3-aminopropyl)triethoxysilane.

Figure 3. Image of gold-nanourchin. (a) FESEM image at�60 k. (b) FESEM image at�150 k. (c) TEM image at�150 k. (d) TEM image at
�300 k. Figure inset is as-received gold-nanourchin. (e) AFM image with lower magnification (at 5 mm). (f) AFM image with higher
magnification (at 1 mm). FESEM: field-emission scanning electron microscope; TEM: transmission electron microscope; AFM: atomic
force microscope.
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introduced APTES, the current level was increased to 4.67 �
10�6 A. Then, upon adding gold-nanourchin-antibody com-

plex, the current level was increased to 7.38� 10�6 A and the

difference in current was noticed as 2.71 � 10�6 A. The

alterations in current confirm the binding of gold-

nanourchin-antibody on the chemically modified surface,

APTES (Figure 4(b)). These changes in current may happen

in two ways: one is due to the interaction of gold-nanourchin

with APTES surface and the other possibility is the binding of

antibody on APTES surface.32,33 This immobilization process

enhanced the numbers of anti-NfL antibody binding on the

surface of IDE surface, which increases the chance for enhan-

cing the NfL antigen detection.

Detection of NfL by gold-nanourchin-antibody
complex

Before going for the detection of NfL, the ethanolamine

was flooded on the surface as the blocking agent to cover

excess space after attaching the antibody. Based on the

obtained results in Figure 4(b), 0.5 M ethanolamine was

not able to completely cover the free surface on the sensor,

however, 1 M ethanolamine was able to perform well. As

shown in Figure 5(a), the current level was further increased

to 1.99 � 10�4 A after adding the ethanolamine. And then,

upon 1 nM of NfL antigen was interacted, the current level

decreased to 3.79 � 10�6 A. This drastic current change

confirms the interaction of NfL antigen with the immobi-

lized antibody. Moreover, this higher current change was

noted due to the binding of higher NfL molecules in

higher number on the immobilized anti-NfL. When the

antibody was complexed with gold-nanourchin, several

antibodies can bind on a single gold-nanourchin, which

leads to a higher population of antibodies that can immo-

bilize on IDE surface. Ultimately, this surface can attract

higher numbers of NfL antigen, which increases the flow

of the current. Based on size analysis, the gold-nanourchin

has 58 + 5 nm, and after conjugating with antibody, it

Figure 4. Immobilization process of antibody-conjugated gold-nanourchin on the IDE. (a) Current changes after immobilized gold
nano-urchin-antibody on the APTES surface. Figure inset is the enlarged graph. Blocking steps were tested by 0.5 and 1M ethanolamine.
(b) Difference in current changes after biomolecular immobilization. IDE: interdigitated electrode; APTES: (3-
aminopropyl)triethoxysilane.

Figure 5. (a) Detection of NfL antigen by gold-nanourchin-antibody conjugation. A clear difference in current changes was noted after
adding 1 nM of NfL antigen. (b) Different concentrations of NfL antigen interaction with anti-NfL antibody. NfL antigen concentrations
from 10 fM to 1 nM were interacted individually on antibody-modified surfaces and the current changes were noted. NfL: neurofilament
light chain.
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increased to 75 + 10 nm. Moreover, it was noticed that

the zeta potential of gold-nanourchin was �23.5 mV, and

after conjugating with antibody, it shows �5 mV. Gold-

nanourchin conjugated antibody has a lower negative

charge compared to as-received gold-nanourchin. This

result indicated the successful binding of antibody on the

surface of the gold-nanourchin.

Dose-dependent analysis of NfL: LOD and LOQ

Dose-dependent detection of NfL antigen was performed by

titrating NfL concentrations in the linear range from 10 fM

to 1 nM and allows to interacting with the immobilized

antibody. Figure 5(b) shows the interaction of different

concentrations of NfL antigen with its antibody. After the

immobilization of gold-nanourchin-antibody complex,

ethanolamine blocking was done and it shows the current

level as 1.99� 10�4 A, and then, 10 fM of NfL antigen was

added, it did not show any current changes. And then, by

enhancing the concentration to 100 fM, the current was

decreased to 3.79 � 10�5 A. Further, with the increment

in the NfL antigen concentrations to 1 pM, 10 pM, 100 pM,

and 1 nM, the current levels were further decreased to

1.36 � 10�5, 9.54 � 10�6, 6.76 � 10�6, and 5.68 �
10�6 A (Figure 6(a)). The difference in the current was

estimated and the linear range from 100 fM to 1 nM was

plotted in an excel sheet. Based on these results, the limit of

detection and sensitivity were 100 fM on a linear regression

curve (y ¼ 0.081x þ 1.593; R2 ¼ 0.9983), and the limit of

quantification (LOQ) falls with 1 pM with signal-to-noise

ratio at n ¼ 3 (Figure 6(b)). The attainments of linear range

from 100 fM to 1 nM indicate that the saturation point is not

at low nanomolar concentrations.

Control experiments: Selectivity and reproducibility on
NfL antigen detection

Control experiments were performed with three neurogen-

erative biomarkers, namely a-synuclein, DJ-1, and PINK

1 to confirm the specific detection of NfL antigen. For this

selective detection, these proteins with the concentration

at 1 nM were interacted independently on the gold-

nanourchin-antibody immobilized IDE, and then, the cur-

rent levels were monitored. As shown in Figure 7(a),

control proteins do not show the significant current

changes compared with the selective detection of NfL

antigen on gold-nanourchin-antibody modified surface.

Moreover, NfL antigen was spiked in the diluted serum

and did not affect the detection, indicating selective detec-

tion of NfL antigen in the biological samples

(Figure 7(a)). Further, to evaluate the reproducibility of

the surface chemical and biological modifications, five

different devices were tested and averaged. The obtained

results show the reliability of IDE surface for chemical

and biological modifications (Figure 7(b)). The stability

and the operational lifetime of the fabricated sensing sur-

face can be extended for 3 months under proper storage at

desiccator. However, by immobilizing the biomolecule,

the surface activity was noticed to be lost approximately

25% after 3 weeks and a further sharp reduction in a few

days. However, the biosensor is shown here displaying the

disadvantages, such as short-circuit with the gaps at

nanoscale levels. In addition, the current-sensing surface

is more suitable for oxide materials with appropriate

chemical surface functionalization.

The primary advantage of using gold-nanourchin is in

this study to create high-performance IDE sensor. The pres-

ence of gold-nanourchin on the surface enhances the

Figure 6. (a) Current level with different concentrations of NfL antigen interaction. 200 nM of anti-NfL antibody was interacted. With
increasing NfL antigen concentrations, the current changes were gradually decreased. Figure inset is the diagrammatic representation
for the dipole moment mechanism on IDE. (b) Linear regression analysis. To calculate the detection limit of NfL, the difference in
current changes of NfL interaction with antibody was plotted in an excel file and calculated the detection limit in the linear range of
100 fM to 1 nM (n ¼ 3). NfL: neurofilament light chain; IDE: interdigitated electrode.

Li et al. 7



surface area with the ultimate aim to capture and interact

with biomolecules (anti-NfL antibody and NfL) at higher

numbers. Further, gold-nanourchin aids to immobilize the

probe molecules at proper orientation and alignment. The

output of this sensor shows a better performance compared

to other currently available immunosensors (Table 1).

Conclusion

An approach for diagnosing PD with a relevant biomarker

is necessary to provide the proper medication and a

healthy lifestyle to the affected patient. This study was

focused on diagnosing PD with NfL antigen, which was

found as a good biomarker. Anti-NfL antibody immobi-

lized interdigitated sensor was used to detect and quantify

the NfL level. Further, to enhance the NfL detection, anti-

body was complexed on the surface of the gold-

nanourchin and immobilized on the electrode. The current

responses were found to increase when increasing the

concentrations of NfL antigen, and limit of detection and

LOQ were found as 100 fM. The sensitivity falls at 100 fM

and the high performance was proved by the higher selec-

tivity and reproducibility in the presence of serum, indi-

cating the selective detection of NfL antigen. This surface

functionalization helps to diagnose PD efficiently and

helps for treatment purposes.
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