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Abstract
Increasing sensitivity and decreasing assay time are two of the most crucial goals in the development of biosensing devices,
such as immunoassays, protein electrophoresis, and bioimaging nanoprobes. We have developed three-dimensional (3D)
nano/microstructured platforms for biosensing devices aimed at highly sensitive and rapid immunoassays. One such
platform is a nanosphere structure with poly[2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate-co-p-
nitrophenyloxycarbonyl poly(ethylene glycol) methacrylate] (PMBN) prepared by the electrospray deposition (ESD)
method. Compared with flat PMBN, the 3D nanosphere surface enables the immobilization of a large amount of antibody to
enhance the specific signal of the immunoassay. Furthermore, PMBN is resistant to non-specific protein adsorption. Thus,
this 3D nanosphere structure can be applied in microchip environments, leading to highly sensitive and rapid immunoassays.
To obtain a more rapid assay that takes at most 5 min, we utilized another platform: a 3D polystyrene (PS) microfiber
structure prepared by ESD paired with vacuum pump pressurization to induce bulk flow. This system takes advantage of the
increased amount of antibody immobilized on the 3D microfiber and the accelerated propagation of antigens through the
microfiber induced by the vacuum pump to enable an efficient and rapid immunoassay.

Introduction

High-performance biosensing and device size reduction are
strongly needed due to the endless challenges in the IOT
(internet of things) society. The high sensitivity and rapidity
of a biosensor-based assay biosensor are two of the main
factors in its performance. Many researchers have focused
on and improved the original design of biosensing devices.
In general, the definition of sensitivity in biosensing is the
signal-to-noise ratio. A specific signal results from the
extent of specific binding of target molecules, and noise
originates from the non-specific binding of non-target
molecules. The preparation strategy for a highly sensitive
biosensor is summarized in Fig. 1.

A nanometer scale structure having a large surface area is
beneficial for the enhancement of a specific signal owing to
the increase in the amount of an immobilized antibody [1].
Nano/microscale structures are fabricated by using a variety
of nanofabrication techniques, such as photolithography

[2, 3], imprinting [4], and nanomaterials including particles
and nanotubes [5, 6]. Orientation control of the immobilized
antibody is a superior way of enhancing the activity of the
immobilized antibody using Protein A or G [7, 8]. Bioti-
nylation can also be used for controlling the orientation of
the immobilized antibody [9]. These technologies can fur-
ther increase specific binding to increase the sensitivity [10].

To decrease the noise, non-specific signals (non-specific
adsorption of analytes, labeled antibodies, and other proteins
on the working surface) should be suppressed. Bovine serum
albumin (BSA) and casein are commonly used as protein-
based blocking reagents to decrease non-specific adsorption.
Nevertheless, protein-based blocking reagents denature easily,
and the variation between each production lot is large. As a
result, several types of protein-free blocking reagents have
been tested [11, 12]. Blocking reagents composed of water-
soluble amphiphilic 2-methacryloyloxyethyl phosphorylcho-
line (MPC) polymers show effective resistance against non-
specific protein adsorption for immunoassays [13]. As a more
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intricate material, poly[MPC-co-n-butyl methacrylate (BMA)-
co-p-nitrophenyloxycarbonyl poly(ethylene glycol) metha-
crylate (MEONP)] (PMBN), which has units capable of
reducing protein adsorption and protein binding, has been
reported as an effective material for immunoassay applica-
tions [14, 15]. Plausible mechanisms underlying the reduction
in protein adsorption have been discussed in terms of the
structure of water on the polymeric materials, including the
MPC polymer [16–18]. Furthermore, PMBN effectively
suppresses the denaturation of the bound protein.

The combination of these approaches is effective in
achieving highly sensitive biosensing; therefore, we have
demonstrated the capability of using a nanosphere structure
with PMBN that is prepared by the electrospray deposi-
tion (ESD) method [19]. The characteristics of MEONP
units make them suitable for immobilizing biomolecules
under mild conditions, and the biomolecules on the surface
show high activity [14, 15, 19, 20]. Thus, the PMBN sur-
face suppresses non-specific binding and maintains the
residual activity of the immobilized antibody after long-
term storage [14, 15].
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Fig. 1 Strategies to increase the
signal and decrease the noise in
a highly sensitive bioassay
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Fig. 2 a Chemical structure of
PMBN and b 3D nanosphere
structure of PMBN sprayed by
ESD. c Absorbance values
(450–620 nm) obtained during
the ELISA in microwells with
different microstructured PMBN
surfaces. Scanning electron
microscopy (SEM) images of
each surface after immersion in
water for 10 h
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Although the rapidity of the assay is another major pre-
requisite for a high-performance biosensing device, the con-
ventional immunoassay based on antibody–antigen binding
takes over 1 h to obtain results when a 96-well microtiter plate
is used. Thus, many technologies using a microfluidic chip
and a microarray have been developed to decrease the testing
time to obtain results. Because the reaction area of a micro-
channel and microwell is controlled by the dimensional scale
and because the antibody–antigen reaction is limited by
diffusion, downscaling is highly effective in increasing the
reaction rate between the antibody and antigen reagents
[21, 22]. Consequently, the key technology of interest is the
control of bulk flow by means of a three-dimensional (3D)
polymeric microfiber with high porosity, an approach that is
considered a new concept in dynamic flow control.

Here, our research [15, 19, 23–26] regarding highly
sensitive and rapid biosensing on 3D polymer platforms
prepared by ESD methods is reviewed.

3D nanosphere structure for enhanced
sensitivity of ELISA

In this research [19, 23, 24], we synthesized PMBN (Fig. 2a)
by free-radical polymerization, and a nanosphere structure
was fabricated by the ESD method using PMBN (Fig. 2b).
The nanosphere PMBN structure was applied to a substrate
for enhanced sensitivity of enzyme-linked immunosorbent
assay (ELISA). To establish a rapid immunoassay, we pre-
pared a microchip with the 3D nanosphere structure.

Preparation of 3D nanosphere structure for ELISA

PMBN [19] comprises a single polymer chain containing
units that prevent non-specific adsorption and those that can
be conjugated with antibodies. The composition ratio of
PMBN was MPC:BMA:MEONP= 22:65:13, as determined
by 1H nuclear magnetic resonance (NMR) spectroscopy, and
was optimized for use as a 3D-platform material for immu-
noassay applications. To prepare the nanosphere surface for
increased immobilized antibody density, we used the ESD
method. To determine the immobilization density of the
antibody on the 3D nanosphere surface, we estimated it by
means of the fluorescence intensity of a fluorescein iso-
thiocyanate (FITC)-IgG conjugate. The 3D nanosphere sur-
face could capture an antibody at a high density of ~860 ng/
cm2. The highest packing density of immobilized antibody
molecules on a flat surface was calculated as ~650 ng/cm2;
thus, a noticeable increase in the amount of the antibody
immobilized on the nanosphere surface was achieved.

To investigate the capability of our fabricated nanos-
tructure to increase immunoassay sensitivity, ELISA was
carried out on nanospherical PMBN surfaces by the

following protocol. Separate microwells sized at 300 µL
were attached to a Au-sputtered glass slide whose surface
was already coated with PMBN by ESD. For comparison
with this ESD-sprayed surface (PMBN ESD coating), a
polystyrene plate was dipped in a 0.2 wt% ethanol solution
of PMBN. Additionally, for comparison with the conven-
tional method, BSA was employed as a blocking reagent by
pipetting 1 wt% BSA on the bare polystyrene plate after
antibody immobilization. Anti-[human thyroid stimulating
hormone (TSH)] mouse antibody (IgG) was used as the
primary antibody and allowed to react with the activated
ester group of PMBN for 10 h at 25 °C. To conduct the
antigen–antibody reaction, human TSH in PBS was pipetted
into the wells. After incubation for 2 h at 25 °C and wash-
ing, horseradish peroxidase (HRP)-labeled human TSH IgG
in PBS containing 1 wt% BSA was added into the wells.
After incubation for 1 h at 25 °C, the wells were washed
with PBS. Then, 100 µL of a tetramethylbenzidine solution
was pipetted into the wells as a substrate for HRP and
incubated for 20 min at 25 °C. Finally, 100 µL of H2SO4

was added into the wells, and the absorbance at 450 and
620 nm was measured using a multilabel counter.

The results of the ELISA with the PMBN ESD- and dip-
coated surfaces are shown in Fig. 2c. The surface that was
not cross-linked or heated yielded a modest specific signal
relative to the background noise. In contrast, the PMBN
surface that was both cross-linked and heated showed a
large specific signal.

To determine the cause of the difference in the PMBN
ESD-sprayed surfaces, the surface morphology of each
surface after immersion in water for 10 h was observed by
scanning electron microscopy (SEM).

For the nanostructure of the PMBN ESD surface without
heating and diamine cross-linking, the nanosphere-shaped
structure became flat during the 12 h antibody–antigen assay.
The nanostructure that was both heated and cross-linked did
not change its shape at all after immersion in water. Since this
nanostructure had high water stability, retaining its high
porosity after immersion in water, the antigens could access
the immobilized antibody without any obstacles arising from
polymer swelling. Therefore, the immobilized antibody could
react with the antigen and showed a strong specific signal.
When we used the PMBN EDS coating that was both cross-
linked and heated, the sensitivity was enhanced compared to
that of the coating with the PMBN dip-coated and BSA-
blocked surface. According to these results, the PMBN
nanostructure with high porosity and high water stability
yielded a highly sensitive immunoassay.
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A microchip immunoassay with a 3D nanosphere
structure

Miniaturized biosensors for microdiagnostic devices have
become promising [23, 24] interdisciplinary tools for next-
generation clinical diagnostics [27–29]. A microchip-based
immunoassay system has been designed to enable bedside
monitoring of chemicals and biomolecules in biological
samples. Compared with conventional ELISA carried out in a
polystyrene microtiter plate, microchip-based ELISA has
greater reaction efficiency. It also has other advantages, such

as short assay duration, low sample consumption, and assay
automation [30]. Nevertheless, the significant decrease in
sample volume results in weak specific signals. Furthermore,
in the microscale environment, the high surface area/volume
ratio magnifies the influence of non-specific binding of an
analyte or a labeled antibody on the solid surface. These
factors result in the weakness of specific signals and the high
noise level. To develop a highly sensitive microchip-based
ELISA system, both enhancement of specific signals and a
reduction in non-specific signals should be achieved.
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Fig. 3 a Schematic illustration
of the processes of microchip
fabrication. b Illustration of the
microchip ELISA system and
photographical representation of
the prepared microchip

Fig. 4 a Detection of TSH by
chemiluminescence intensity in
the microchip ELISA using
fabricated PMBN surfaces. b
Integrated chemiluminescence
intensity obtained by the
microchip ELISA. Tw20
indicates Tween 20 in the
antibody solution. c The
standard curve of TSH obtained
by microchip ELISA using a
PMBN surface created by ESD
with 1% Tween 20 in the
antibody solution

850 M. Takai



Therefore, we have applied the 3D nanospherical PMBN
structure to microchip-based ELISA [23, 24].

A schematic illustration of the processes of microchip
fabrication (panel a) and a microchip ELISA system and a
photograph of a completed microchip (panel b) are shown in
Fig. 3. To prepare a conductive substrate for ESD, Au was
sputter-coated on a slide glass. Nanospherical PMBN and flat
PMBN surfaces on the Au glass slide were prepared by ESD
and dip-coating, respectively. The patterned master was fab-
ricated on a glass slide from SU-8 resist by photolithography.
The PDMS with microchannels was applied to the PMBN
ESD-coated glass slide after oxygen plasma treatment.

ELISA was carried out on the microchip with PMBN-
coated surfaces as described in the following protocol. Anti-
TSH mouse IgG (20 µg/mL) in phosphate buffer solution
(pH 8) containing 0–1 wt% of Tween 20 was pipetted into
the microchannel and allowed to react with the activated
ester of PMBN for 5 min. To reduce the non-specific
binding of proteins to the upper PDMS side of the micro-
channel, poly(MPC-co-BMA) (PMB30W) [31] was used as
a blocking reagent. To perform the antigen–antibody reac-
tion, 0–10 μIU/mL human TSH in PBS solution was
pipetted into the microchannel. After incubation for 5 min,
the microchannel was washed with 100 μL of PBS solution
containing 0.1 wt% Tween 20, and then 1 μg/mL HRP-
labeled hTSH IgG in PBS solution containing 1 wt% BSA
was pipetted into the microchannel and incubated for 5 min.
The microchannel was washed with 100 μL of PBS solution
containing 0.1 wt% Tween 20 and placed in a spectrometer.
Then, 20 μL of a chemiluminescent substrate for HRP was
injected from a sample injector at 5 μL/min, and the che-
miluminescence intensity was detected.

The results of microchip ELISA are presented in Fig. 4a.
The surface dip-coated with PMBN showed a weak specific
signal, whereas the surface ESD-coated with PMBN yielded
a rather weak signal. When 1% Tween 20 was added to the
primary antibody solution, the specific signal of the PMBN
ESD-coated surface was enhanced. The sensitivity
enhancement by Tween 20 was due to an increase the
amount of antibody immobilized on the surface of the
PMBN ESD coating. When 1% Tween 20 was added to the
antibody solution, the amount of antibody immobilized on
the ESD-sprayed surface was large: 3.4 μg/cm2, which was
4 times higher than that for samples without Tween 20. This
was because the surface tension of the aqueous antibody
solution was reduced by the addition of surfactant (the
surface tension of an IgG solution in PBS is 65 dyn/cm, and
the surface tension of an IgG solution in PBS with 1%
Tween 20 is 36 dyn/cm). Most likely, a large amount of IgG
was immobilized, and the surface reaction proceeded
effectively when the solution infiltrated the inside of the
nanostructured PMBN because of the decreased solvent
surface tension. Figure 4b illustrates the results of utilizing

microchip ELISA to evaluate both specific and non-specific
signals. In the case of the non-coated Au surface using BSA
as a blocking reagent, the specific signal (TSH= 10 μIU/ml)
was relatively strong, but the non-specific signal (TSH= 0
μIU/ml) was also substantial. This finding indicated that the
blocking effect of BSA was not sufficient and could not fully
inhibit non-specific binding of HRP-labeled IgG to the sur-
face. On the other hand, the PMBN ESD-coated surface
yielded a much lower non-specific signal than the Au surface
blocked with BSA. It is possible that the MPC unit in PMBN
successfully prevented the non-specific adsorption of HRP-
labeled IgG. With respect to specific signals, the PMBN ESD
coating without Tween 20 produced a weak signal, but the
PMBN ESD coating with 1% Tween 20 in the solution of the
primary antibody yielded considerably stronger signals.

Both enhancement in the specific signal and reduction in
the non-specific signal were achieved in the case of the
PMBN ESD coating in the presence of Tween 20: the
sensitivity was enhanced 2.6-fold relative to that for the Au
surface blocked with BSA. When we used the PMBN ESD
coating with Tween 20, a standard curve of TSH was
obtained successfully and showed linearity in human blood
at normal concentrations (Fig. 4c). Compared with those for
conventional ELISA in a microtiter plate, the assay duration
for the microchip was shortened from ~4 h to 20 min, and
sample consumption was reduced from ~100 μL to 5 μL.

In summary, antibodies were immobilized at high den-
sity on the nanospherical PMBN surface, and the 3D
structure enhanced the specific signal in the microchip-
based immunoassay. The sensitivity of the nanospherical
PMBN surface with Tween 20 (in the solution for antibody
immobilization) was 2.6-fold higher than that of the surface
without Tween 20. The assay time was reduced to 20 min
(short assay time). Furthermore, the PMBN ESD coating
produced low background signals compared to the Au
surface blocked with BSA because the MPC units reduced
non-specific protein adsorption.

3D microfiber structure for a rapid
immunoassay

Recently [25, 26], to shorten the test time of conventional
immunoassays, a large number of studies that involve
microbeads, a microfluidic channel, or a nanostructured
microchip have been conducted [32]. We have reported a
microchip ELISA with a nanospherical PMBN structure pre-
pared by the ESD method, which yields a rapid assay (within
20min) with high sensitivity. The performance is good
enough, but there is still a need to decrease the assay duration
when a medical doctor uses this test for on-site diagnosis. To
achieve an even faster immunoassay (5min target diagnostic),
we used a 3D microfiber structure instead of nanosphere
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structure. The strategy leverages a large surface area, which
allows the immobilization of a high concentration of antibody
on the surface. This strategy involves a similar mechanism to
that used in the aforementioned nanosphere structure, which
enhances the probability of collisions between the antigen and
antibody. Furthermore, we apply forced convection to the bulk
solution with a vacuum pump. In a conventional static assay,
incubation takes several hours due to the diffusion of analyte
molecules across long distances before encountering surface-
immobilized antibodies. Microchip ELISA can decrease the
test duration, but the flow volume and flow rate are quite slow
due to the microchannel. In our method of forced convection
by vacuum, the antigen is transferred to the antibodies on the
surface quickly due to the vacuum conditions. This method is
expected to ensure an ultrafast assay (~5min) by combining a
microfiber method and vacuum technique.

Preparation of polystyrene microfibers as an
immunoassay platform

In the second chapter [26], we used a polymeric material
(PMBN) that swells in water. In this chapter, we fabricated
non-swelling polymeric microfibers with strong mechanical
properties. Recently, a microfiber platform for biodevices,
such as protein-based diagnostics [33] and drug delivery
systems [34], was reported, as well as its application to
conventional tissue engineering [35, 36]. Polystyrene (PS) is
one of the candidate materials for the construction of 3D
microfiber membranes by the ESD method. PS solutions
(Mw= 9.0 × 105, at 5, 10, 15, 20, or 25 wt%) were prepared
in a 1:1 volume ratio mixture of tetrahydrofuran (THF) and N,
N′-dimethylformamide (DMA) containing with 2 wt% Triton
X and then sprayed to make nano- and microfiber substrates.

The diameter and morphology of the microfibers were pri-
marily controlled by the applied voltage, viscosity of the
polymer solution and distance between the nozzle and con-
ductive substrate. Figure 5a shows SEM images of the elec-
trospun PS microfibers obtained by changing the
concentration of the polymer solution. The diameter of the
microfibers increased in proportion to the concentration of the
PS solution. The surface area-to-volume ratio of the PS
microfibers made from the 10 wt% PS solution was much
higher than that of the others. The surface area was calculated
from a 3D image built from a fluorescence confocal laser
scanning microscopy image after microfiber staining. We
selected the 10 wt% PS microfibers as a candidate for further
studies because of its superior capability to obtain a high
specific signal due to the large amount of antibodies immo-
bilized. As an additional design element to increase the
reaction area, four layers of the abovementioned 10 wt% PS
microfibers were soaked in ethanol (EtOH), stacked and then
lightly compressed under a weight of 2 kg. A single 10 wt%
PS microfiber sheet layer was ~50 µm thick, whereas the
thickness of four layers was increased to 160 μm. The anti-
body immobilization density on the PS microfibers fixed to a
bottomless well plate showed a linear relationship with the
surface area. The maximum value of antibody immobilization
density was 300 ng/well for four layers of PS microfiber
sheets having a surface area of 1400mm2, while the value of
antibody immobilization density was 60 ng/well for a flat PS
surface with a surface area of 50mm2.

The immunoassay system with the microfiber sheets was
prepared, and its illustration is shown in Fig. 5b. The PS
microfiber sheet was set underneath a bottomless microtiter
plate. During the assay, the reagent solutions and washing
buffer were vacuumed from the bottom of the microfiber

(a)

(b)

5 wt% 10 wt% 15 wt% 20 wt% 25 wt%

96 well plate

Bo�omless well

Microfiber sheet

Fixture           Sandwich

Flow direc�on 

Fig. 5 a SEM images and
diameters of electrospun PS
microfibers prepared with
different concentrations of PS. b
Illustration of the microfiber
well system

852 M. Takai



sheet well. By vacuuming, the antigen solution flowed
through the microfiber sheet and reacted efficiently with the
antibody. Furthermore, vacuuming improved the efficiency
of washing and increased the signal-to-noise ratio.

Evaluation of the rapid immunoassay of 3D
microfiber

Figure 6a showed the significance [26] of the combined 3D
microfiber and vacuum system in comparison to a flat sub-
strate within a 96-well plate environment. The difference in
protocol was merely the antigen–antibody reaction time. In
terms of the reagents, the primary antibody utilized was goat
anti-human albumin in solution at 10 µg/mL, and it was
immobilized by physical adsorption. For blocking, a con-
ventional protein-based reagent, Blocking One, was utilized.
The analyte (i.e., antigen) reagent used was human serum
albumin at 1 µg/mL. The reaction time of antigen-antibody
was varied at 1 s and 5 s for fiber well, and 30 min and 60 min
for flat well. Finally, the secondary (i.e., detection) antibody
utilized was FITC-conjugated goat anti-human albumin at
10 µg/mL and incubation time was 2 hours. The primary

antibody solution was prepared with PBS, while both the
antigen and detection antibody reagents were prepared in a
PBS solution containing 0.05 vol% Tween 20. Between each
step, the well was washed with PBS solution containing 0.05
vol% Tween 20.

The PS microfiber system exhibited a decrease in the
antigen–antibody reaction time through vacuum aspiration,
leading to detectable antigen capture between 1 s and 5 s.
The antigen capture ratio for the PS microfiber system in 5 s
was slightly greater than that of the conventional flat 96-well
plate in 60min. From the standard curves, the flat PS and PS
microfiber systems (Fig. 6b) displayed similar limits of detec-
tion; however, the PS microfiber system showed a much
greater linear range of detection. This phenomenon is explained
by the fact that the bulk flow in the PS microfiber system can
overcome the diffusion rate limitation of the antigen–antibody
reaction within the conventional flat plate system. The increase
in the amount of antibody immobilized on the 3D microfibers
and the resultant increase in antigen capture due to controlled
vacuum pressure-driven bulk flow are expected to eventually
be utilized in a rapid immunoassay device.

Fig. 6 a Antigen capture ratio of
the microfiber well and the flat
well at different
antigen–antibody reaction times.
b Immunoassay standard curves
for both the microfiber well
system at 5 s and flat well
system at 60 min

PS microfiber

Whole
Blood

Vacuum

MCF-7, cancer cell can be captured 
on microfiber

20 sec

Fig. 7 The setup of the specific
cell-capturing microfiber system
with a vacuum pump. Whole
blood flows through the
micropores of the 3D microfiber,
and specific cells are captured
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More recently, we expanded these technologies by intro-
ducing a new method that involves using 3D electrospun PS
microfibers for the selective capture of specific cells from
whole blood, e.g., circulating tumor cells (CTCs) [37, 38].
The schematic outline and typical experimental results of cell
capture are shown in Fig. 7. Whole blood in its entirety can
pass through the microfiber sheet system via vacuum
aspiration without damaging the blood cells by controlling the
degree of porosity of the fiber through which the blood cells
pass. The combination of vacuum aspiration and anti-
EpCAM-antibody-conjugated PS microfibers can specifi-
cally capture EpCAM-expressing cells within seconds. The
electrospun PS microfiber device for the rapid capture of cells
may be suitable for clinical on-site applications.

Conclusions and perspective

To obtain a highly sensitive and rapid immunoassay, a 3D
polymer microstructure prepared by the ESD method has
been developed. Nanosphere and microfiber structures have
a strong potential for increasing the antibody immobiliza-
tion density due to the control of the surface tension of the
solution, which can in turn increase the specific signal.
When a biocompatible polymer resistant to non-specific
protein adsorption is employed as a nano- and/or micro-
structured platform for biosensing, it decreases the noise. As
a result, the platform ensures highly sensitive biosensing.
Furthermore, the nano- and/or microstructured platform can
be applied to a microchip immunoassay to decrease the
assay duration. The microfiber structure is unique not only
because of the high-density immobilization of an antibody
but also because of the increased flow rate induced by
vacuum aspiration. An ultrafast immunoassay can be
implemented using the combination of the microfiber plat-
form and forced convection of an analyte solution. In
conclusion, 3D polymeric nano- and/or microstructures
show great promise as a platform for biodevice applications.
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