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ABSTRACT: Applying an electric-field (E-field) during antibody
immobilization aligns the orientation of the antibody on the biosensor
surface, thereby enhancing the binding probability between the antibody
and antigen and maximizing the sensitivity of the biosensor. In this study,
a biosensor with enhanced antibody—antigen binding probability was
developed using the alignment of polar antibodies (immunoglobulin G
[IgG]) under an E-field applied inside the interdigitated electrodes. The
optimal alignment condition was first theoretically calculated and then
experimentally confirmed by comparing the impedance change before and
after the alignment of IgG (a purified anti-$-amyloid antibody). With the
optimized condition, the impedance change of the biosensor was
maximized because of the alignment of IgG orientation on the sensor
surface; the detection sensitivity of the antigen amyloid-beta 1—42 was
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also maximized. The E-field-based in-sensor alignment of antibodies is an easy and effective method for enhancing biosensor

sensitivity.
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B INTRODUCTION

Biosensing technology can be used to predict and diagnose
diseases qualitatively or quantitatively based on complemen-
tary binding between biomarkers and receptors immobilized
on the surface of the biosensor.™ Therefore, biosensing
technology must be highly sensitive and specific, and
continuous development and optimization of both biomarkers
and receptors is essential. For biomarkers, applying an
electrostatic force, such as via electrophoresis’ or dielectro-
phoresis,”® can help derive higher concentrations of the target
biomarkers in a biomatrix to establish highly sensitive and
selective detection. Conversely, for the receptors, uniform
immobilization, typically an antibody binding to a biomarker
on the surface of the biosensor, can enhance sensor sensitivity
and specificity by increasing the binding probability and
biological activity between biomarker and antibody.”
Previous studies have used single-step immobilization
methods, such as simple physical surface absorption and direct
covalent immobilization, to uniformly immobilize the antibody
to the biosensor surface.*” Physical adsorption is the simplest
method of immobilizing an antibody without any grerequisites
for the type of antibody and surface modification; '’ however, it
is limited by low stability, reproducibility, and controllabil-
ity.”’12 Meanwhile, direct covalent immobilization ensures
high stability and controllability'”'* but is sensitive to
environmental factors, such as temperature'® and humidity,'®
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during the immobilization process and ionic concentration of
the buffer.'” Recently, multistep immobilization methods,
including linker-mediated covalent and heterofunctional
support techniques, have been utilized to immobilize antibod-
ies."®”*’ In these multistep methods, the antibody is first
adsorbed onto a substrate in a reversible manner and, then, is
covalently linked using an appropriate linker;”* hence, these
methods allow for the control of the orientation of the
antibody. As a result, the biological activity, and stability, and
orientation of the antibody are improved. Unfortunately,
however, because the multistep immobilization methods are
also based on the reaction of specific biological substances and
chemicals: (1) the available chemicals are limited by the
binding site of the antibody open on the surface and (2)
appropriate temperature and sufficient reaction time are
required for antibody immobilization stability. In addition,
because of the bulk-to-surface reaction process during
multistep antibody immobilization and the natural abundance
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Figure 1. Aligning the orientation of antibodies via electric field (E-field) to enhance the antibody—antigen binding sensitivity. (A) The opposite
charges of the F,; and F, regions of IgG cause IgG alignment according to the applied E-field. (B) A biosensor with interdigitated microelectrodes
(IMEs) and (C) IgG immobilization process to align IgG orientation. (D, E) Uniformly immobilized IgG on the sensor surface enhances the

biosensing signal.

of antibodies, chemical/biological multistep immobilization
methods may be insufficient for complete antibody orientation
control.*>*¢

Here, we developed a biosensor with an improved
antibody—antigen binding probability using an electric-field
(E-field)-based in-sensor alignment of the antibody
(Af . specific immunoglobin G [IgG]) orientation (Figure
1). Using the developed biosensor, amyloid-beta 1—42 (Af,,),
a major hall-marker of Alzheimer’s disease (AD),””** was
detected with high sensitivity. As shown in Figure 1A, the
opposite charge of the antigen binding (F,;) and the fragment
crystallizable region (F,) of IgG resulted in dipole-like
properties. A biosensor with interdigitated microelectrodes
(IMEs) was fabricated (Figure 1B) and E-field was applied to
the IMEs during the IgG immobilization on the biosensor
surface (Figure 1C). In the control electrode to which no E-
field was applied, the IgG was randomly immobilized on the
surface between the IMEs, resulting in a small impedance
change of the IMEs due to the weak IgG-antigen binding
(Figure 1D). In contrast, in the IMEs to which E-field was
applied, the probability of antigen-IgG binding was increased
due to the alignment of the IgG orientation along the direction
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of E-field (i.e., the paratope at the edge of F,, region of IgG
was uniformly exposed outward) (Figure 1E). Consequently,
the biosensor sensitivity in both phosphate-buffered saline
(PBS) and standard plasma could be enhanced approximately
2.3-fold.

B RESULTS AND DISCUSSION

Antibodies comprise a constant region with common amino
acid sequences and a variable region with antibody-specific
amino acid sequences that impart unique characteristics to the
antibody.””*° In addition, antibodies exhibit an isoelectric
point (pI value) because of the positively charged alkaline
amino acids (arginine, lysine, histidine) and negatively charged
acidic amino acids (glutamic and aspartic acids).”"*”* These
charged amino acids are distributed in pairs of F,, and F,
fragments, respectively.””** Therefore, the fragments of an
antibody exhibit charge heterogeneity that induces positive
polarity for the F,, fragments and negative polarity for the F,
fragments.”>>" Such polarity allows for the migration,
rotation, and vibration of an antibody to be controlled via
the E-field,” further aligning the antibody along the direction
of the applied E-field.’*™* The angle (6) of IgG, a
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Figure 2. Aligning the IgG by an E-field. (A) Modeling of IgG. The angle of IgG (0) relative to the direction of the E-field according to the (B)
intensity of the applied voltage and (C) the initial angle (6;) of IgG. (D) The theoretical optimal condition required to align IgG parallel to the
direction of the E-field according to the initial angle (6,) of IgG. The sensor surface observed after immobilizing the (E) F,;, and (F) F, regions of
IgG. The left and right images of (E) and (F) were acquired under the control and optimal aligning conditions, respectively. Scale bar = 0.5 ym.
(G) Quantity of immobilized IgG on the sensor surface and (H) the aspect ratio of immobilized IgG in the optimal F,;-aligning condition. (I)
Quantification of immobilized IgG on the sensor surface and (J) aspect ratio of immobilized IgG in the optimal F.-aligning condition.

representative type of antibody, relative to the E-field can
change according to the intensity of the applied voltage and
time (Figure 2A). The alignment of IgG under the applied E-
field was studied both theoretically and experimentally.
Initially, if no E-field is applied, the antibody randomly
vibrates in the buffer because of the Brownian force. The
random vibration is gradually suppressed as the E-field is
applied, and when the random vibration of the antibody is
completely suppressed, the antibody rotates along the direction
of the E-field. At an applied voltage of 10 mV, IgG did not
respond to the E-field, regardless of the duration. However, at
>11 mV (placed perpendicular to the direction of the E-field
(6, = 90°)), IgG rotated and eventually was aligned parallel to
the direction of the E-field (6 = 0°). The results suggested that
at least 11 mV is required for the IgG alignment (Figure 2B).
Additionally, the intensity of voltage required for the IgG
alignment was dependent on the initial angle of IgG (6,
relative to the E-field (Figure 2C).

The results showed that IgG rarely rotated before the
intensity of the voltage reached approximately 1 mV, but the
angle of IgG rotation gradually increased with the increase in
voltage, and it eventually became parallel to the E-field at 10
mV. Herein, the voltage at which IgG and the E-field became
parallel (8 = 0°) is defined as the optimal voltage condition;
the corresponding voltages were plotted depending on the
initial angle (Figure 2D). The results showed that the intensity
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of the optimal voltage increased linearly from 10.23 to 11.48
mV as the initial angle of IgG increased until it reached 90°
(power series fitting: y = a - «t+c-af a=9.11;b=040; c =
1.11 X 107%; d = 18.41) and the voltage increased sharply to
17.78 mV at 6, = 90°.

Rotation of IgG orientation was confirmed by observing the
surface of the sensor using an atomic force microscope (AFM)
(Figure 2E, F). The sensor surface was treated with high IgG
concentration (1 ng mL™" purified anti-f-amyloid antibody in
10 mM PBS, pH 7.4) under the optimal F,,- and F,-aligning
conditions (30 and 20 mV, respectively). Herein, each optimal
condition refers to a state in which the F,;, or F, region of IgG
is immobilized facing outward from the sensor surface (Figure
S1); a detailed experiment to demonstrate the optimal
conditions is described in the next section. The AFM image
of the sensor surface was quantitatively analyzed through
image processing (Figures S2 and S3). The surface of the bare
substrate to which the antibody was not immobilized was also
confirmed (Figure S4). The quantitative analysis revealed that
the number of immobilized IgG on the sensor surface under
F,;-aligning condition (159.00 + 10.40) was similar to that in
the control (~159.00 + 10.40; ~154.00 + 10.43; p = ns, one-
way analysis of variance [ANOVA]). However, the aspect ratio
(AR) of the immobilized IgG on the sensor surface increased
from ~1.30 + 0.21 to ~1.59 + 0.25 (p < 0.0001, one-way
ANOVA) via E-field—based alignment (Figure 2G, H). Similar
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to the F,-aligning results, even under the F_ -aligning condition,
the difference in the number of IgG immobilized on the sensor
surface was small (~238.78 + 5.99; ~255.33 + 8.27; p = ns,
one-way ANOVA); however, the difference in AR values was
significant (~1.42 + 0.25; ~1.50 + 0.25; p < 0.0001, one-way
ANOVA) (Figure 21, J). These results implied that improving
the change in impedance under each alignment condition was
not caused by the increased density of immobilized IgG on the
sensor surface but rather by the aligning the orientation of the
immobilized IgG.

The optimal aligning condition is influenced by the surface
charge of IgG in addition to the initial angle of IgG and the
intensity of the applied voltage. Thus, the effect of the surface
charge of IgG (I{-potentiall) on the IgG alignment was
confirmed by measuring the impedance change occurred when
IgG with different charges was immobilized on the surface of
the sensor while applying various voltages. The I{-potentiall of
IgG was altered by controlling the pH of the buffer (pH 2.01—
11.94) (Figure SS and Table S1). Then, by binding the antigen
(Af4,) to the orientation-controlled IgG, we verified that the
binding probability of the antigen to IgG was changed by the
antibody orientation.

The F,, and F, regions of IgG were immobilized on the
sensor surface (Figure 3A, B). In the immobilization of IgG
with ~3.59 + 0.93 mV of I{-potentiall in PBS (pH 2.01), a
maximum change in impedance was observed at 150 and 100
mV by the immobilization of the F,, and F, regions,
respectively. The impedance change was decreased as the
applied voltage increased. The results indicated that the
randomly oriented F,, or F, regions of the IgG aligned face
outward from the sensor surface as the intensity of the applied
voltage reached 150 and 100 mV, respectively. Then, when the
applied voltage exceeded 150 mV and 100 mV, IgG migrated
along the E-field, causing adsorption on the electrode surface.
Therefore, the intensity of the applied voltage of the optimal
F,;- and F,-aligning conditions was determined to be 150 and
100 mV, respectively, and the corresponding voltages were
defined as respective optimal voltages. In addition, the optimal
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aligning conditions in PBS at various pH values (5.99, 7.49,
10.04, and 11.94) were confirmed.

Consequently, the optimal voltages were decreased
exponentially along with the increasing I{-potentiall of IgG
(Figure 3C). However, in PBS at pH 3.72, the changes in
impedance by IgG immobilization showed a random tendency
depending on the applied voltage, because the surface charge
of IgG at pH 3.72 was too small for the IgG to align with the E-
field (I¢-potentiall = ~0.66 = 0.21 mV) (Figure S6A); the
values are presented in the Tables S2—SS. Furthermore, the
changes in impedance due to immunoglobulin A (IgA)
immobilization were measured according to the intensity of
the E-field. Unlike IgG, the changes in impedance from IgA
immobilization were unaffected by the E-field, which could be
attributed to the difference in the structural conformation
according to the isotypes (Figure $7).>* These results suggest
that aligning antibody orientation using an E-field is influenced
not only by the strength of the charge held by the antibody but
also by its structural conformation.

The alignment of IgG affects the binding probability of the
antigen. The impedance changes according to antigen binding
were varied according to the voltage applied during IgG
immobilization (Figure 3D, E). Under each optimal IgG-
aligning conditions, the maximum impedance change was
observed, and enhancing ratios of impedance changes
comparing the values measured in the control conditions
were approximately 1.26 + 0.07% and 1.40 & 0.16% in the F,,-
and F,-aligning conditions, respectively (Figure 3F). A higher
enhancing value in the F -aligning conditions than that in the
F,,-aligning conditions suggests that the uniform alignment of
the F, region in IgG improved the probability of binding
between the paratope and the epitope, thereby improving the
binding affinity between IgG and the antigen.

The enhanced reaction probability between IgG and antigen
was verified by counting the number of gold nanoparticles
(AuNPs) after the binding of the AuNP-labeled secondary
antibody to the antigen bound to the immobilized IgG. The
number of AuNPs was calculated by averaging the value

https://doi.org/10.1021/acs.nanolett.2c01584
Nano Lett. 2022, 22, 6537—-6544


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01584/suppl_file/nl2c01584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01584/suppl_file/nl2c01584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01584/suppl_file/nl2c01584_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c01584/suppl_file/nl2c01584_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01584?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c01584?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c01584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett Letter
A Cc
8, 1.2
®  Control
- ®  Fgaligning
X e  F_aligning T
hid > 6 N 173
S =) T @
c >3
g £ I - z
% G 3 <.
s £ T 4 :
B ©
s 3 5
3 2 -
308 )i |
£ g
s
2 1 1 1 1 1 1
Control Control  Aligning 102 10" 10° 10" 102 103
Concentration of antigen (pg/mL)
B D
i ®  Control
_. gb® Fyaligning
ES of/ e  F_aligning .
o o E wn
=X
> 2 2
c © 28
=z < . E =
T 5} 6l B =
w g <
s Sy :
= o] RS [
3 3 e £
Y Qo
E 4 E
. s = 1 1 1 1 1 1
Control Aligning Control  Aligning 102 107 10° 10" 102 103
Concentration of antigen (pg/mL)
E F
8
Control
;:‘ ----------- Aligning
s 6
> F-aligning condition
=
=
2
@ ar
2]
-
N
= oL Fp-aligning condition
E
S
P4
c 1

Fab Fe

Immobilized region of IgG

0.0

L v
08 12 1.4

Enhancing ratio of normalized sensitivity (a.u.)

Figure 4. Binding efficiency enhancement between IgG and Af,, via IgG alignment. The number of AuNPs on the surface of sensor under the
optimal (A) F,;,- and (B) F.-aligning conditions. Scale bar = 0.5 ym. Enhanced sensitivity of the sensor measured in (C) PBS (10 mM) and (D)
standard plasma. The gray scatters indicate the impedance values after Af,, binding to IgG under the control condition. (E) Normalized
sensitivities under the control and the optimal IgG-aligning conditions. (F) Enhanced sensitivity per antibody immobilized density.

measured at any three random positions on the sensor surface
(Figure SS). AuNP counts were ~9.57 + 3.18 and ~58.4. +
9.44 on the surface with immobilized F,;, under the control and
the optimal F,-aligning condition, respectively (Figure 4A).
Furthermore, the number of AuNP was ~15.23 + 1.79 and
~69.67 + 5.54 in the sensor in which the F, region of IgG was
immobilized under the control and optimal F -aligning
condition, respectively (Figure 4B).

We also demonstrated the enhanced sensitivity of the sensor
as a result of the IgG alignment by measuring the change in
impedance following antigen binding at various concentrations
in two types of buffers: PBS (10 mM) and standard plasma (1
mg mL™") both at pH 7.49. The antigen concentration in the
buffer ranged from 10 fg mL™' to 1 ng mL™". Under the
control condition without aligning IgG, the changes in
impedance measured in PBS ranged from ~1.54 + 0.11% to
~4.03 + 0.58%, and improved from ~2.03 + 0.26% to ~S5.19
+ 1.01% under the optimal F,;-aligning condition (Figure 4C).
These changes were further improved under the optimal F-
aligning conditions from ~2.01 + 0.26% to ~5.41 + 0.55%
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according to antigen concentration. Given that the averaged
noise level of the sensor was ~1.47 + 0.10% (Figure S9), the
dynamic range of the sensor was verified from 10 fg mL™" to
100 pg mL™'. The efficiency of IgG alignment was
subsequently confirmed by comparing the enhanced sensitivity
under each condition. The sensitivities calculated by linear
regression analysis under the control and F,,- and F,-aligning
conditions were ~0.61 + 0.10, ~0.80 + 0.08, and ~0.97 +
0.07, respectively. Furthermore, the improved change in
impedance due to the IgG aligning was demonstrated in the
antigen detection in the standard plasma (Figure 4D). The
changes in impedance under control conditions ranged from
~3.86 + 0.40% to ~5.02 & 0.35%, which were improved from
~3.98 &+ 0.25% and ~6.56 + 0.50% under the optimal F,,- and
F -aligning conditions, respectively. In addition, these changes
improved from ~3.99 + 0.60% to ~7.01 + 0.74% under the
optimal F -aligning condition. Accounting for noise, the
dynamic range in plasma was confirmed at concentrations
ranging from 100 fg mL™" to 100 pg mL™’, and the sensitivity
in the dynamic range was ~0.47 + 0.09, ~0.69 + 0.06, and
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~1.09 + 0.05 under the control and the optimal F - and F.-
aligning conditions, respectively. Consequently, the enhanced
improvements in sensitivity resulting from aligning the F,, and
F, regions were demonstrated to be ~1.31- and 1.60-fold in
PBS, and ~1.41- and 2.18-fold in plasma, respectively.
Finally, we confirmed the normalized sensitivity obtained by
diving the sensitivity values by each value of the aligned IgG
density immobilized on the sensor surface. The normalized
sensitivities were ~3.85 and ~2.56 in the control, and ~5.22
and ~3.84 in the F ;- and F- aligning conditions, respectively
(Figure 4E). Furthermore, the enhancing ratios of normalized
sensitivities measured in the aligning condition compared with
each value measured in the control condition were calculated
to be 1.36 and 1.50 in the F,- and F.-aligning conditions,
respectively (Figure 4F). The results clearly demonstrate that
the E-field mediated the alignment of IgG orientation, thereby
enhancing the binding probability between IgG and antigen,
which effectively improved the sensitivity of the biosensor.

B CONCLUSION

Binding probability between the antibody and antigen is a
crucial factor affecting the sensitivity and selectivity of
biosensors. Our approach represents an improvement over
the conventional methods, which are limited to chemical and
biological IgG aligning, and is both cost-effective and
convenient. The most commonly used methods to control
the orientation of IgG include the use of a terminated or
chemically functionalized self-assembled monolayer, IgG, and
IgA. (Table S6).*'~* Because these chemical/biological
methods are likely to cause cross-reactions between substances
when used simultaneously, sequential processing (long
reaction time) and additional reagents (extra budget) are
required to minimize the cross-reactions. On the other hand,
aligning the IgG using E-fields can be easily integrated with
chemical/biological aligning methods; hence, it is highly
scalable when E-field sensors are used. For this reason, studies
on IgG aligning using E-fields are currently underway;
however, to the best of our knowledge, few studies have thus
far confirmed the theoretical interpretation and experimental
validation of aligning the IgG orientation based on E-field.

In this study, we confirmed that the binding probability
between IgG and antigen increased as the orientation of IgG
was controlled via the E-field. The single-step immobilization
method is relatively simple but is limited in terms of
controlling the orientation of the antibody. Although this can
be compensated for through multistep immobilization
methods based on chemical/biological linkers or heteroge-
neous functional supports, several limitations, such as material
selection, time-consumption, and low controllability over the
orientation of the antibody, remain to be addressed. Our
multistep immobilization method using an E-field is efficient
and can be universally used without restrictions on the
antibody opening region on the substrate and materials since it
is based on the dipole property, a general property of an
antibody. Thus, our multistep immobilization method can be
easily utilized for the realization of high-sensitivity biosensors
capable of diagnosing various diseases, including AD. Although
only IgG was used in the present study to validate the
orientation alignment based on E-field, in the future, we plan
to demonstrate the feasibility of our aligning method by
specifically modeling the structures of various biomolecules,
and applying highly sensitive biomolecule analysis.
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