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Abstract: The immunoglobulin E (IgE) level in serum is an important factor in the examination of
allergy. Ferrocene (Fc)-modified self-assembled monolayers (SAMs) were placed on an indium tin
oxide (ITO) electrode as a sensing layer for the detection of human IgE. The Fc moiety in the SAMs
facilitated the electron transfer through the organic SAMs layer and electrocatalytic signal amplification.
The electrochemical measurement was accomplished after the sandwich type immobilization of the
receptor antibody, target human IgE, and enzyme conjugated secondary antibody. The enzyme
product, p-aminophenol, was quantitatively analyzed by redox cycling via Fc. In addition, the
electrochemical impedance spectroscopy (EIS) was investigated for the detection of IgE. The limit of
detection (LOD), limit of quantification (LOQ), and dynamic range of the electrochemical sensor were
3 IU/mL, 10 IU/mL, and from 10 IU/mL to 100 IU/mL, respectively.

Keywords: human immunoglobulin E; indium tin oxide (ITO); electrocatalytic reaction; ferrocene;
electrochemical impedance spectroscopy

1. Introduction

Allergy (or allergic reactions) is a major cause of various allergic diseases, such as atopic dermatitis,
allergic asthma, allergic rhinitis, urticaria, and food/animal/insect/plant allergies and has a significant
effect on a person’s health [1–4]. The immune system generates antibodies (or immunoglobulin) to
allergens during the first contact, and any additional contact triggers a violent defensive reaction.
Immunoglobulin E (IgE), one of the five isotypes of immunoglobulin (A, G, M, D, E), plays an integrated
role in this hypersensitivity [1,5,6].

IgE is synthesized by plasma cells like other immunoglobulin and is typically the least abundant
isotype in blood, usually less than 1 IU/mL (1 IU = 2.4 ng) [6]. However, if an allergic reaction
occurs, the IgE concentration increases. Thus, the test for the presence of allergy in humans is based
mainly on the detection of allergen-specific IgE in serum [7]. The total IgE serum levels, as well as
the allergen-specific IgE levels, are widely reported as a marker of allergic diseases, and are also
used to monitor various anti-allergic therapies [8–10]. It is deemed positive for allergies when the
allergen-specific IgE for a particular allergen is above a level of 0.35 IU/mL, or when the total IgE serum
level is above ~100 IU/mL [1,6].
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The majority of allergy tests nowadays are based on the antibody receptor (immunoassay). Common
methods include radioimmunoassay [11], enzyme-linked immunoassay [12], and chemiluminescence
immunoassay [13]. A wide range of other optical, spectroscopical, or electrochemical detection
methodologies such as fluorescence microarray technology [14], matrix-assisted laser desorption
ionization [15], atomic force microscopy [16], and quartz crystal microbalance [17], have been
developed. Unlike other methods, electrochemical immunosensors have an advantage in terms
of cost and miniaturization [18,19]. Some electrochemical IgE sensors presented a good performance
with a low limit of detection (LOD) of ~1.5 IU/mL [20] or ~0.1 IU/mL [21].

In this paper, we investigated the electrochemical immunosensing of human IgE using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). Even though Indium tin
oxide (ITO), one of the most widely utilized conductive oxide thin films, presents an advantage
in spectroelectrochemistry due to its transparent property, the ITO electrode is a still promising
material for developing commercial electrochemical biosensors instead of noble metal electrodes
such as Au electrodes, owing to its low electrical resistivity, low background current, wide potential
window, applicability to self-assembled monolayers (SAMs), and cheaper price than Au electrodes [22].
Therefore, in this work, the ITO coated glass electrode was employed as a working electrode for both
electrochemical detection methods instead of the Au electrode.

For the cyclic voltammetric detection, the electron transfer mediator Fc-modified SAMs
were constructed on the ITO electrode. Next, streptavidin, biotin conjugated receptor antibodies,
target human IgE, and alkaline phosphatase (ALP) conjugated secondary antibodies were immobilized
in turn. Consequently, the electrochemical signal amplification by enzymatic reaction and redox cycling
via Fc was successfully observed.

Not only the CV, but also the EIS, was applied to investigate the IgE concentration. The EIS is a
label-free and convenient tools for monitoring the charge transfer processes of immunosensors [23,24].
Therefore, the Nyquist plots were obtained and analyzed after the step of target IgE incubation without
the binding of the secondary antibody.

2. Materials and Methods

2.1. Chemicals

(3-Aminopropyl)triethoxysilane (APTES), ferrocenecarboxaldehyde, sodium borohydride
(NaBH4), streptavidin, 4-aminophenol (p-AP), 4-aminophenyl phosphate monosodium salt hydrate
(p-APP), thrombin for human plasma, ferri/ferrocyanide, bovine serum albumin (BSA), human IgG,
hemoglobin, horse serum, and all buffer salts were purchased from Sigma Aldrich (St. Louis, MO,
USA), unless otherwise stated. NH4OH (30% diluted) and H2O2 (35% diluted) were obtained from
Samchun (Seoul, Korea). Immunoglobulin E (IgE) human serum (Target IgE) was obtained from
the National Institute of Biological Standards (NIBSC, Potters Bar, UK). Biotin-conjugated rabbit
anti-human IgE (heavy chain) antibody (receptor antibody), alkaline phosphatase (ALP)-conjugated
goat (or mouse) anti-human IgE antibody (secondary antibody), and goat immunoglobulin G (IgG),
mouse IgG, and ALP-conjugated streptavidin were obtained from Thermo Fischer Scientific (Waltham,
MA, USA). All chemicals were used as received. Ultrapure water (>18 MΩ, Millipore, Darmstadt,
Germany) was used in all experiments.

2.2. Preparation of ITO Electrode and an Electrochemical Sensing Layer

ITO was obtained from Samsung Corning (Daegu, Republic of Korea). A cut of the ITO electrode
was cleaned with ethanol and dried with N2 gas. To activate the hydroxyl group on the surface,
the electrode was incubated in a solution [H2O:NH4OH:H2O2 = (v/v/v) 5:1:1] at 70 ◦C for 2 h, rinsed with
distilled water, and dried with N2 gas [25].

For the formation of APTES SAMs, the cleaned electrode was incubated in a diluted APTES
solution (APTES:ethanol = (v/v) 1:50) for 2 h, and washed with pure ethanol [26,27]. Next, the
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APTES SAMs-modified ITO electrodes were incubated in an ethanol solution containing 1 mM
ferrocenecarboxaldehyde for 2 h. Here, the amine terminal of APTES reacted with the aldehyde group
in ferrocenecarboxyaldehyde through the amine-aldehyde reaction, forming an imine. To make a
stable bond, the imine, a carbon-to-nitrogen double bond, was reduced to the carbon-to-nitrogen single
bond by incubating the electrode in a reducing agent solution (1 mg/mL of NaBH4) for 1 h. Then, the
Fc-modified SAMs was obtained on the ITO electrode [28].

The SAMs modified electrode was incubated in phosphate buffered saline (PBS) (1×, pH 7.4)
solution containing 10 µg/mL of streptavidin for the immobilization of the receptor antibody. The
streptavidin is addressed on the electrode surface through non-specific binding. After rinsing with
PBS (1×, pH 7.4) buffer, the electrode was incubated in PBS (1×, pH 7.4) containing 10 µg/mL of
biotin-conjugated receptor antibody for 1 h, after which the unreacted reagent was washed by PBS
(1×, pH 7.4). The electrode was incubated in a PBS (1×, pH 7.4) containing 0.1% (w/w) BSA solution to
prevent the non-specific binding of proteins for 0.5 h [29]. For the recognition with the target human
IgE, the receptor-conjugated immunosensor was immersed in a PBS (1×, pH 7.4) containing various
concentrations of target human IgE from 0 IU/mL to 300 IU/mL (1 IU = 2.4 ng), for 1 h. Next, the
immunosensor was immersed in PBS (1×, pH 7.4) solution diluted at 10 µg/mL of ALP-conjugated
secondary antibody for 1 h, and was rinsed with PBS (1×, pH 7.4). The whole process is shown in the
Scheme 1.
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Scheme 1. Schematic illustration of the formation of SAMs and the immobilization of antibodies on the
ITO electrode.

For the control experiments, goat IgG (100 µg/mL), mouse IgG (100 µg/mL), thrombin (100 µg/mL),
human IgG (1 mg/mL), and hemoglobin (5 mg/mL) were used instead of target IgE. Target IgE and the
other reference materials were prepared using PBS (1×, pH 7.4) buffer.

2.3. Electrochemical Cell and Measurements

The electrochemical experiments, both CV and EIS, were performed by using a CHI 750
potentiostat (CH Instruments, Austin, TX, USA) with three electrode cells placed in a Faraday
cage. The electrochemical cell consisted of a prepared ITO working electrode, a Pt wire counter
electrode, and an Ag/AgCl (1 M KCl) reference electrode. All the potentials are reported vs. Ag/AgCl
when not indicated differently.

CV was performed in an electrolyte solution consisting of 50 mM tris(hydroxymethyl)
aminomethane (Tris), 10 mM KCl, and 1 g/L MgCl2 (pH 9.0) with/without 1 mM p-AP or 1 mM
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p-APP. The solutions of p-AP or p-APP were prepared daily before use. All the electrochemical
measurements were obtained after having 10 min of quiet time for the enzymatic reaction.

EIS was performed using ferri/ferrocyanide (2.5/2.5 mM) as a redox probe in 1X PBS (pH = 7.4).
A potential of 0.18 V was applied with a perturbation amplitude of 5 mV between frequencies of 1
MHz and 0.01 Hz. Although the Fc moiety was placed on the surface of the biosensor electrode, it was
difficult to observe the apparent signal changes caused by the Fc reporting (the data is not shown here).
This is because the surface concentration of Fc was too small, and the internal Fc was not sensitive to
the externally attached target IgE. Therefore, the redox probe, ferri/ferrocyanide, was added into the
solution for the EIS measurement.

3. Results and Discussion

3.1. Preparation of Fc-Modified SAMs on the ITO Electrode

In the electrochemical immunosensor, the use of self-assembled monolayers (SAMs) can provide a
reproducible and robust path to functionalize electrode surfaces. Various organic molecules containing
anchor groups such as thiols, amines, or silanes are used for the formation of SAMs depending on
the electrode materials [30,31]. The silanes and phosphate anchor groups are available for the SAMs
formation on the ITO electrode [25,26,32].

Generally, in electrochemical biosensors, because the additional organic layers of SAMs and
biomolecules make the electron transfer difficult, redox-mediating functional groups that enable
electron transfer between electroactive species and the SAMs-modified electrodes are required for
the successive electrochemical detection. Therefore, the redox mediator-introduced SAMs can be an
excellent platform for electrochemical biosensors.

In this research, we introduced the electron transfer mediator, Fc, as a functionality in the APTES
SAMs-modified ITO electrode. In previous studies [33–35], the Fc-modified SAMs were constructed
on the Au electrode by a complicated method: for example, using a specially designed Fc-derivative,
such as an Fc-tethered dendrimer or Fc-functionalized thiols. Therefore, less reproducible mixed
SAMs using multiple thiols and additional immobilization steps using a crosslinker were required
for the introduction of the Fc moiety in the electrochemical sensing layer. However, in this work, we
introduced the Fc moiety directly on the amine-SAMs by an aldehyde-amine reaction, which gave a
simpler and more reproducible pathway for making an Fc layer than the previous methods did.

Then, the redox-active Fc SAMs-modified electrode was investigated as an immunosensor for the
detection of human IgE. The combination of ALP and p-AP is employed as an enzyme label and a
signal-reporting molecule for the electrochemical measurement [36]. The Fc moiety in the mixed SAMs
shows an outstanding redox mediation for the oxidation of ALP-generated p-AP. Here, the electroactive
species, p-AP, is generated by the enzyme label, ALP, from its substrate, p-APP.

First, the redox reaction of the Fc moiety on the electrode surface was investigated to characterize
the formation of the Fc-functionalized SAM onto the ITO electrodes. As shown in Figure 1, the cyclic
voltammograms of the surface-bound Fc’s redox reaction were obtained.

The full width at half-maximums (FWHM) was ~160 mV, relatively larger than the ideal value
for reversible responses, 90.6 mV [37]. The oxidation peak currents were proportional to the scan
rate. However, the slope of the regression line (or proportional constant) was ~0.8, not exactly 1.
Considering the numbers and shape of the CV, the Fc-functionalized SAMs seem to have somewhat
diffusional properties for the Fc. The relative looser packing of SAMs on the ITO electrode than for the
Au electrode makes the Fc more flexible, which may result in a broad peak shape compared to the ideal
bell shape obtained typically by surface-bound species. The surface coverage of the Fc was calculated
from the coulometric charge by integrating the anodic/cathodic peak area into the CV. Assuming that
all the Fc sites are electrochemically active, the calculated surface concentrations of Fc (±standard
deviation), Γs, were 4.1 (±1.0) × 10−7 mol/cm2.
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3.2. Electrocatalytic Amplification via Redox Cycling

As shown in Figure 2a (solid line), the Fc SAMs-modified ITO was investigated in an electrolyte
solution containing p-AP or p-APP to characterize the electrocatalytic redox cycling performance of the
Fc-functionalized SAMs layer. Even if the p-APP existed, the electrocatalytic reaction between p-APP
and Fc did not appear. The background current of p-APP was obtained only at the potential region of
0.0 V to 0.5 V. However, in the presence of p-AP, the oxidation part of the current was amplified by
the electrocatalytic redox-mediated oxidation of p-AP, even though the reduction part of the current
stayed intact. The mechanism is as follows: the Fc moiety in the SAMs is oxidized to the ferrocenium
ion (Fc+) by the electrochemical oxidation reaction. Then, the Fc+ is reduced back to Fc by the chemical
redox reaction with p-AP. As discussed in a previous report, this can be explained by the following
mechanism [37,38]:

2 Fc → 2Fc+ + 2 e− (1)

2Fc+ + p–AP → quinonimide (QI) + 2 Fc + 2 H+ (2)

where quinonimide (QI) is a molecule of p-AP that has been oxidized by the loss of two electrons.
This redox cycling would continue until all the p-AP is spent. As a result, an amplified oxidation
current proportional to the concentration of p-AP was obtained. In the absence of the electron transfer
mediator, Fc, the electrochemical oxidation of p-AP was obtained at a higher potential region (~0.6 V),
as shown in Figure 2a (dashed line). Since a considerable oxidation of p-APP occurs at this potential
region, it is difficult to distinguish the signal current by the p-AP from the background current by the
reactant p-APP. Therefore, the electron transfer mediator, Fc, is required.

To investigate the electron transfer mediation of Fc with the enzymatic reaction, the Fc
SAM-modified electrode was incubated in a PBS containing 10 µg/mL of ALP-conjugated streptavidin
for 1 h. As shown in Figure 2b (solid line), the Fc SAM layer with the presence of ALP on the surface
was examined. In the solution containing p-APP, the electrocatalytic amplified current appeared at
the same potential region as in the case of p-AP, indicating that p-APP was converted to p-AP by
the enzymatic reaction. Therefore, in the presence of both p-APP and ALP, as in the case of p-AP,
the electrocatalytic amplified current of Fc occurred at a ~0.3 V potential region. Consequently, the
electron transfer mediator, Fc, plays an important role in the reduction of the reaction overpotential
and in the amplification of the catalytic current. This is the expected operation of the Fc SAMs layer in
the biosensor.
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rates were 10 mV/s. (b) Cyclic voltammograms of the SAM-modified ITO electrode with/without
(solid/dashed line) the Fc moiety after incubating with ALP-conjugated streptavidin in an electrolyte
solution containing 1 mM p-AP (Black) or 1 mM p-APP (Red). Scan rates were 50 mV/s.

3.3. Electrochemical Detection of Human IgE via CV

Recently, a direct introduction of avidin on an electrode surface using non-specific binding
was used as a simple and effective immobilization for biotin-labeled (bio)molecules on ITO [39,40].
Therefore, in this work, the prepared Fc-functionalized SAM-modified ITO electrode was incubated
in a buffer containing streptavidin, as shown in Scheme 1. Then, the electrode was incubated in the
biotin-conjugated receptor antibody. The receptor antibody was introduced on the electrode surface via
an avidin-biotin interaction. Next, the prepared sensing layer was incubated in various concentrations
of target human IgE. After rinsing with PBS buffer, the electrode was incubated in the enzyme-labeled
secondary antibody solution. Therefore, a sandwich-type immunosensor was established.

For the electrochemical measurement, the prepared immunosensor was investigated by CV in the
electrochemical buffer containing p-APP after 10 min of enzymatic reaction time. The electrochemistry
of the sensing mechanism is depicted in Scheme 2. First, the p-APP was dephosphorylated to p-AP
by the enzyme label, ALP, after which the p-AP was diffused to the nearby electrode surface by a
concentration gradient. At the electrode surface, the Fc moiety of the SAMs was electrochemically
oxidized to Fc+ by the electrode, and it reacted with the nearby p-AP. The redox cycling, as mentioned
above, will be maintained until all the p-AP is consumed. Consequently, the amplified electrocatalytic
current is proportional to the concentration of p-AP.

The amplified electrocatalytic current was obtained in relation to the concentration of target
human IgE, as shown in Figure 3. The obtained peak current was plotted as a function of the target IgE
concentrations to determine the analytical characteristics, such as the limit of detection (LOD), limit of
quantification (LOQ), and dynamic range. The LOD and LOQ were 3 IU/mL and 10 IU/mL, respectively.
The dynamic range was from 10 to ~100 IU/mL. The calculated percent relative standard deviations
(%RSD) were 14%, 15%, 13%, 12%, 6%, 7%, 7%, 7%, and 6% for the various target concentrations from
0 to 300 IU/mL, respectively. In clinical medicine, if the concentration of antigen-specific IgE is higher
than 0.35 IU/mL or the concentration of total IgE is higher than 100 IU/mL, it is determined that there
are allergic symptoms. Therefore, the LOQ of our immunosensor satisfied the requirement for the
detection of the total IgE level [1,6].
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Figure 3. (a) Cyclic voltammogram of a sandwich-type electrochemical immunosensor for human IgE
at various concentrations of target human IgE from 0 IU/ml to 100 IU/ml. Cyclic voltammograms were
obtained after 10 min of enzymatic reaction time in buffer containing 1 mM p-APP at a scan rate of
10 mV/s. (b) Calibration curve for the oxidation peak current depending on the target concentration.
The red dashed line represents the LOD obtained by the mean current at the zero concentration of
the target IgE plus three times the standard deviation (SD). The blue dashed line represents the LOQ
obtained by the mean current at the zero concentration of the target IgE plus ten times the SD. Each
concentration experiment was performed at least five times. For the zero concentration (blank sample),
the experiments were performed ten times.

3.4. Selectivity Test for the Electrochemical Sensing

In order to confirm the selectivity of the immunosensor for the target IgE, we assembled
electrochemical sensors detecting other biomolecule targets such as goat IgG, mouse IgG, thrombin,
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human IgG, and hemoglobin. Then, when each sensor was measured in a solution containing 1 mM
p-APP, the oxidation current was similar to the background current level of the target IgE case, as shown
in Figure 4. In particular, the sensor showed good selectivity with the human IgG and hemoglobin,
which are common in human blood serum. It was confirmed that the electrochemical sensor fabricated
in this study had selectivity for the target IgE.
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Figure 4. Selectivity tests using different targets: goat IgG, mouse IgG, thrombin, human IgG,
hemoglobin, 0 IU/mL of target IgE, and 100 IU/mL of target IgE. Each experiment was performed at
least three times.

3.5. Stability Test for the Electrochemical Sensing

The shelf life of the biosensor was investigated. The Fc-SAM-modified ITO electrodes were
prepared on the same day. A few days later, the Fc-SAM-modified ITO electrodes were constructed by
bio-reagents, and the electrochemical measurement were carried out. The biosensor layer consists of
the organic SAM-modified inorganic material electrode; therefore, the electrode surface is expected to
be very stable even for long-term storage. As shown in Figure 5, the peak current maintains its level.
The magnitude of the current almost remains at the initial value over a few days when considering the
error bar (SD).
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3.6. Electrochemical Detection of Human IgE via EIS

The redox-marker and label are usually required for the electrochemical measurement. The
requirement of this specific marker and label makes the electrochemical system more complicated than
the other methods, resulting in the electrochemical sensor being uncompetitive. The electrochemical
biosensor has advantages in terms of price and miniaturization, and therefore there have been many
studies conducted to solve this marker and label problem. The EIS, a label-free electrochemical method,
is one of the alternatives [23,24].

EIS was tried with the exact same sensor after target immobilization, without the secondary
antibody incubation step. Depending on the amount of target IgE immobilized on the sensor surface,
the thickness of the insulating layer by the biomolecule changed. The redox reaction of a redox probe,
ferri/ferrocyanide, was perturbed by the insulating layer on the electrode surface, resulting in a change
of charge transfer resistance. As shown in Figure 6, the charge transfer resistance of the immunosensor
was investigated and plotted as a function of the concentration of target IgE. The calibration curve is
also presented in Figure 6b. The LOD and LOQ were 3 IU/mL and 30 IU/mL, respectively. The dynamic
range was from 30 to ~100 IU/mL. The calculated percent relative standard deviations (%RSD) were 2%,
11%, 3%, 6%, 4%, 4%, and 5% for the various target concentrations from 0 to 300 IU/mL, respectively.
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Figure 6. (a) Nyquist plot of the electrochemical immunosensor for human IgE at various concentrations
of the target IgE from 0 IU/mL to 300 IU/mL. Plots were obtained in a 1×PBS containing ferri/ferrocyanide
(2.5/2.5 mM) as a redox probe. (b) Calibration curve for the charge transfer resistance depending on
the target IgE concentration. The red and blue dashed lines represent the LOD and LOQ, respectively.
Each concentration experiment was performed at least five times.

The EIS method is time- and cost-effective for the detection of IgE because it is label-free. However,
the results were less reproducible than the CV measurements because all kinds of non-specific binding
can affect the charge transfer resistance in EIS methods. To improve the selectivity and the sensitivity
of EIS measurement, a probe molecule with a high binding affinity should be used, and a special
pre-treatment or method to reduce the non-specific binding should be introduced.

We also investigated both electrochemical methods in a condition using a serum matrix. Human
serum and horse serum were used as a matrix for the dilution of target human IgE. However, the
noise background signals at 0 IU/mL of the target concentration were, in both serums, considerably
high. Consequently, the analytical properties, such as the LOD or dynamic range, will be poor in
serum media (the data is not shown here). Therefore, pre-treatments such as filtration or separation
are required for application in real serum.

Interestingly, the detection limit of the EIS method was also ~3 IU/mL, close to the CV measurement
results, despite the absence of an electrocatalytic amplification process in the EIS measurements. Because
the same receptor antibody and target IgE were used, the observed similar analytical characteristics
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may indicate that the binding constant between the receptor antibody and the target IgE is the dominant
variable for determining the selectivity of the immunosensor, rather than other factors such as the
signal amplification. The sensing ability of the immunosensor actually varied greatly depending on
the type of receptor antibody. Further studies may be needed on the competitive effects between
the receptor’s binding affinity and the signal amplification scheme in relation to the sensitivity of
the biosensor.

4. Conclusions

We introduced the electron transfer mediator-functionalized layer on the ITO electrode for
the electrochemical immunosensing of human IgE. The electron-transfer mediator, Fc, was directly
introduced on the ITO electrode by an aldehyde-amine reaction. The formation of Fc SAMs-modified
ITO electrodes is easier and cheaper than that of a similar Fc modification on Au electrodes using
mixed SAMs.

The electron-transfer mediation of the Fc SAMs-modified ITO electrode was measured by using a
p-AP oxidation reaction. The electrocatalytic current amplification was achieved firstly with enzymatic
production and secondly with redox cycling by Fc. The LOQ of the immunosensor was 10 IU/mL of
the target IgE. This is good enough to determine the allergy based on the total IgE level. In addition to
this, a label-free EIS measurement was also applied, obtaining a similar level of sensitivity. Therefore,
the electrochemical detection of human IgE was successfully obtained via both CV and EIS.

Author Contributions: Conceptualization, M.P., Y.S., K.J.K., S.J.O., J.K.A., H.P., H.-B.S. and S.J.K.; methodology,
M.P., Y.S. and K.J.K.; investigation, M.P., Y.S., K.J.K., S.J.O., J.K.A., H.P., H.-B.S. and S.J.K.; data curation, M.P.;
writing—original draft preparation, S.J.K.; writing—review and editing, M.P., Y.S., K.J.K. and S.J.K.; supervision,
S.J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by LG Chem. Ltd. This research was supported by Basic Science Research
Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education
(2018R1A2B6009591). This paper was supported by Konkuk University Researcher Fund in 2018.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Winter, W.E.; Hardt, N.S.; Fuhrman, S. Immunoglobulin E Importance in Parasitic Infections and
Hypersensitivity Responses. Arch. Pathol. Lab. Med. 2000, 124, 1382–1385. [PubMed]

2. Peavy, R.D.; Metcalfe, D.D. Understanding the mechanisms of anaphylaxis. Curr. Opin. Allergy Clin. Immunol.
2008, 8, 310–315. [CrossRef] [PubMed]

3. Lan, Y.; Farid, S.; Meshik, X.; Xu, K.; Choi, M.; Ranginwala, S.; Wang, Y.Y.; Burke, P.; Dutta, M.; Stroscio, M.A.
Detection of Immunoglobulin E with a Graphene-Based Field-Effect Transistor Aptasensor. J. Sens. 2018, 2018.
[CrossRef]

4. Cruz, A.A. Global Surveillance, Prevention and Control of Chronic Respiratory Diseases: A Comprehensive Approach;
World Health Organization Press: Geneva, Switzerland, 2007.

5. Leung, D.Y.M. Immunologic basis of chronic allergic disease: Clinical messages from the laboratory bench.
Pediatr. Res. 1997, 42, 559–568. [CrossRef]

6. Amarasekera, M. Immunoglobulin E in health and disease. Asia Pac. Allergy 2011, 1, 12–15. [CrossRef]
7. Wachholz, P.A.; Dearman, R.J.; Kimber, I. Detection of Allergen-Specific IgE Antibody Responses.

J. Immunotoxicol. 2004, 1, 189–199. [CrossRef]
8. Burrows, B.; Martinez, F.D.; Halonen, M.; Barbee, R.A.; Cline, M.G. Association of asthma with serum IgE

levels and skin-test reactivity to allergens. N. Engl. J. Med. 1989, 320, 271–277. [CrossRef]
9. Guilloux, L.; Ricard-Blum, S.; Ville, G.; Motin, J. A new radioimmunoassay using a commercially available

solid support for the detection of IgE antibodies against muscle relaxants. J. Allergy Clin. Immunol. 1992, 90,
153–159. [CrossRef]

10. Papamichael, K.I.; Kreuzer, M.P.; Guilbault, G.G. Viability of allergy (IgE) detection using an alternative
aptamer receptor and electrochemical means. Sens. Actuators B 2007, 121, 178–186. [CrossRef]

11. Kuby, J. Immunology, 3rd ed.; W.H. Freeman and Company: New York, NY, USA, 1997; Chapter 5.

http://www.ncbi.nlm.nih.gov/pubmed/10975945
http://dx.doi.org/10.1097/ACI.0b013e3283036a90
http://www.ncbi.nlm.nih.gov/pubmed/18596587
http://dx.doi.org/10.1155/2018/3019259
http://dx.doi.org/10.1203/00006450-199711000-00001
http://dx.doi.org/10.5415/apallergy.2011.1.1.12
http://dx.doi.org/10.1080/15476910490919140
http://dx.doi.org/10.1056/NEJM198902023200502
http://dx.doi.org/10.1016/0091-6749(92)90066-B
http://dx.doi.org/10.1016/j.snb.2006.09.024


Biosensors 2020, 10, 38 11 of 12

12. Kreuzer, M.P.; O’Sullivan, C.K.; Pravda, M.; Guilbault, G.G. Development of an immunosensor for the
determination of allergy antibody (IgE) in blood samples. Anal. Chim. Acta 2001, 442, 45–53. [CrossRef]

13. Grange, R.D.; Thompson, J.P.; Lambert, D.G. Radioimmunoassay, enzyme and non-enzyme-based
immunoassays. Br. J. Anaesth. 2014, 112, 213–216. [CrossRef] [PubMed]

14. Cretich, M.; Carlo, G.D.; Giudici, C.; Pokoj, S.; Lauer, I.; Scheurer, S.; Chiari, M. Detection of allergen
specific immunoglobulins by microarrays coupled to microfluidics. Proteomics 2009, 9, 2098–2107. [CrossRef]
[PubMed]

15. Canio, M.D.; D’Aguanno, S.; Sacchetti, C.; Petrucci, F.; Cavagni, G.; Nuccetelli, M.; Federici, G.; Urbani, A.;
Bernardini, S. Novel IgE Recognized Components of Lolium perenne Pollen Extract: Comparative Proteomics
Evaluation of Allergic Patients Sensitization Profiles. J. Proteome Res. 2009, 8, 4383–4391. [CrossRef] [PubMed]

16. Huang, I.Y.; Lee, M.C. Development of a FPW allergy biosensor for human IgE detection by MEMS and
cystamine-based SAM technologies. Sens. Actuators B 2008, 132, 340–348. [CrossRef]

17. Liss, M.; Petersen, B.; Wolf, H.; Prohaska, E. An Aptamer-Based Quartz Crystal Protein Biosensor. Anal. Chem.
2002, 74, 4488–4495. [CrossRef]

18. Nam, E.J.; Kim, E.J.; Wark, A.W.; Rho, S.; Kim, H.; Lee, H.J. Highly sensitive electrochemical detection of
proteins using aptamer-coated gold nanoparticles and surface enzyme reactions. Analyst 2012, 137, 2011–2016.
[CrossRef]

19. Kim, S.; Lee, J.; Lee, S.J.; Lee, H.J. Ultra-sensitive detection of IgE using biofunctionalized nanoparticle-
enhanced SPR. Talanta 2010, 81, 1755–1759. [CrossRef]

20. Song, W.; Li, H.; Liu, H.; Wu, Z.; Qiang, W.; Xu, D. Fabrication of streptavidin functionalized silver
nanoparticle decorated graphene and its application in disposable electrochemical sensor for immunoglobulin
E. Electrochem. Commun. 2013, 31, 16–19. [CrossRef]

21. Liang, Z.-Y.; Deng, Y.-Q.; Tao, Z.-Z. A quantum dot-based lateral flow immunoassay for the rapid, quantitative,
and sensitive detection of specific IgE for mite allergens in sera from patients with allergic rhinitis.
Anal. Bioanal. Chem. 2020, 412, 1785–1794. [CrossRef]

22. Aydın, E.B.; Sezgintürk, M.K. Indium tin oxide (ITO): A promising material in biosensing technology.
Trends Anal. Chem. 2017, 97, 309–315. [CrossRef]

23. Huang, Y.; Bell, M.C.; Suni, I.I. Impedance Biosensor for Peanut Protein Ara h 1. Anal. Chem. 2008, 80,
9157–9161. [CrossRef] [PubMed]

24. Khezrian, S.; Salimi, A.; Teymourian, H.; Hallaj, R. Label-free electrochemical IgE aptasensor based on
covalent attachment of aptamer onto multiwalled carbon nanotubes/ionic liquid/chitosan nanocomposite
modified electrode. Biosens. Bioelectron. 2013, 43, 218–225. [CrossRef] [PubMed]

25. Choi, M.; Jo, K.; Yang, H. Effect of Different Pretreatments on Indium-Tin Oxide Electrodes. Bull. Korean
Chem. Soc. 2013, 34, 421–425. [CrossRef]

26. Khan, Z.H. Effect of ITO surface properties on SAM modification: A review toward biosensor application.
Cogent Eng. 2016, 3, 1170097. [CrossRef]

27. Wei, Z.Q.; Wang, C.; Zhu, C.F.; Zhou, C.Q.; Xu, B.; Bai, C.L. Study on single-bond interaction between
amino-terminated organosilane self-assembled monolayers by atomic force microscopy. Surf. Sci. 2000, 459,
401–412. [CrossRef]

28. Yoon, H.C.; Hong, M.-Y.; Kim, H.-S. Functionalization of a Poly(amidoamine) Dendrimer with Ferrocenyls
and Its Application to the Construction of a Reagentless Enzyme Electrode. Anal. Chem. 2000, 72, 4420–4427.
[CrossRef]

29. Xiao, Y.; Isaacs, S.N. Enzyme-linked immunosorbent assay (ELISA) and blocking with bovine serum albumin
(BSA)-not all BSAs are alike. J. Immunol. Methods 2012, 384, 148–151. [CrossRef]

30. Dubois, L.H.; Nuzzo, R.G. Synthesis, structure, and properties of model organic surfaces. Annu. Rev. Phys.
Chem. 1992, 43, 437–463. [CrossRef]

31. Ulman, A. An Introduction to Ultrathin Organic Films: From Langmuir-Blogett to Self-Assembly; Academic Press
Inc: Boston, MA, USA, 1991.

32. Aziz, M.A.; Jo, K.; Qaium, M.A.; Huh, C.-H.; Hong, I.S.; Yang, H. Platform for Highly Sensitive Alkaline
Phosphatase-Based Immunosensors Using 1-Naphthyl Phosphate and an Avidin-Modified Indium Tin Oxide
Electrode. Electroanalysis 2009, 21, 2160–2164. [CrossRef]

http://dx.doi.org/10.1016/S0003-2670(01)01137-0
http://dx.doi.org/10.1093/bja/aet293
http://www.ncbi.nlm.nih.gov/pubmed/24431350
http://dx.doi.org/10.1002/pmic.200800651
http://www.ncbi.nlm.nih.gov/pubmed/19322783
http://dx.doi.org/10.1021/pr900315a
http://www.ncbi.nlm.nih.gov/pubmed/19585971
http://dx.doi.org/10.1016/j.snb.2008.01.048
http://dx.doi.org/10.1021/ac011294p
http://dx.doi.org/10.1039/c2an15994e
http://dx.doi.org/10.1016/j.talanta.2010.03.036
http://dx.doi.org/10.1016/j.elecom.2013.02.001
http://dx.doi.org/10.1007/s00216-020-02422-0
http://dx.doi.org/10.1016/j.trac.2017.09.021
http://dx.doi.org/10.1021/ac801048g
http://www.ncbi.nlm.nih.gov/pubmed/19551984
http://dx.doi.org/10.1016/j.bios.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23313881
http://dx.doi.org/10.5012/bkcs.2013.34.2.421
http://dx.doi.org/10.1080/23311916.2016.1170097
http://dx.doi.org/10.1016/S0039-6028(00)00474-X
http://dx.doi.org/10.1021/ac0003044
http://dx.doi.org/10.1016/j.jim.2012.06.009
http://dx.doi.org/10.1146/annurev.pc.43.100192.002253
http://dx.doi.org/10.1002/elan.200904641


Biosensors 2020, 10, 38 12 of 12

33. Kwon, S.J.; Yang, H.; Jo, K.; Kwak, J. An electrochemical immunosensor using p-aminophenol redox cycling by
NADH on a self-assembled monolayer and ferrocene-modified Au electrodes. Analyst 2008, 133, 1599–1604.
[CrossRef]

34. Oh, S.J.; Ahn, J.K.; Park, H.; Song, Y.; Kwon, S.J.; Shin, H.-B. An electrochemical immunosensing system on
patterned electrodes for immunoglobulin E detection. Anal. Methods 2019, 11, 4410–4415. [CrossRef]

35. Kim, Y.J.; Kim, K.J.; Jung, S.Y.; Hwang, Y.J.; Kwon, S.J. Redox-Active Self-Assembled Monolayer on Au
ultramicroelectrode and its Electrocatalytic Detection of p-aminophenol Oxidation. J. Electrochem. Sci. Technol.
2019, 10, 170–176.

36. Zhu, G.; Lee, H.J. Electrochemical sandwich-type biosensors for α−1 antitrypsin with carbon nanotubes and
alkaline phosphatase labeled antibody-silver nanoparticles. Biosens. Bioelectron. 2017, 89, 959–963. [CrossRef]
[PubMed]

37. Kim, E.; Kim, K.; Yang, H.; Kim, Y.T.; Kwak, J. Enzyme-Amplified Electrochemical Detection of DNA Using
Electrocatalysis of Ferrocenyl-Tethered Dendrimer. Anal. Chem. 2003, 75, 5665–5672. [CrossRef]

38. Kwon, S.J.; Kim, E.; Yang, H.; Kwak, J. An electrochemical immunosensor using ferrocenyl-tethered dendrimer.
Analyst 2006, 131, 402–406. [CrossRef]

39. Kang, C.; Kang, J.; Lee, N.-S.; Yoon, Y.H.; Yang, H. DT-Diaphorase as a Bifunctional Enzyme Label That
Allows Rapid Enzymatic Amplification and Electrochemical Redox Cycling. Anal. Chem. 2017, 89, 7974–7980.
[CrossRef] [PubMed]

40. Nandhakumar, P.; Kim, B.; Lee, N.-S.; Yoon, Y.H.; Lee, K.; Yang, H. Nitrosoreductase-Like Nanocatalyst for
Ultrasensitive and Stable Biosensing. Anal. Chem. 2018, 90, 807–813. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/b806302h
http://dx.doi.org/10.1039/C9AY01257E
http://dx.doi.org/10.1016/j.bios.2016.09.080
http://www.ncbi.nlm.nih.gov/pubmed/27816594
http://dx.doi.org/10.1021/ac034253x
http://dx.doi.org/10.1039/B509969B
http://dx.doi.org/10.1021/acs.analchem.7b01223
http://www.ncbi.nlm.nih.gov/pubmed/28696095
http://dx.doi.org/10.1021/acs.analchem.7b03364
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of ITO Electrode and an Electrochemical Sensing Layer 
	Electrochemical Cell and Measurements 

	Results and Discussion 
	Preparation of Fc-Modified SAMs on the ITO Electrode 
	Electrocatalytic Amplification via Redox Cycling 
	Electrochemical Detection of Human IgE via CV 
	Selectivity Test for the Electrochemical Sensing 
	Stability Test for the Electrochemical Sensing 
	Electrochemical Detection of Human IgE via EIS 

	Conclusions 
	References

