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A B S T R A C T

On-site multiplex biosensors for innate immunity antibodies are ideal tools for monitoring health status of in-
dividuals against various diseases. This study introduces a novel antibody immunoassay testing platform in-
corporating microfiber-based arrays of antigens to capture specific antibodies. The fabrication and setup of the
device revolved around electrospun polystyrene (ESPS) microfibers that act as three-dimensional membrane
filters, capable of rapid and multifold analyte capture. In particular, the ESPS microfibers were patterned
through localized oxygen plasma to create hydrophilic zones that facilitate fluid flows and immobilizations of
antigens. The bulk of this robust antibody immunoassay platform could be installed into a compact syringe-
driven cassette device, which could perform multiplex antibody immunoassay for antibodies specifically against
Middle East respiratory syndrome coronavirus (MERS-CoV) with rapid preparation amounting to a total of
5 min, as well as high sensitivity and specificity for the MERS-CoV down to 200 μg/mL.

1. Introduction

For the clinical use of immunoassays, these platforms are expected
to be high-throughput, rapid and highly sensitive, as these are basic
requirements for the necessary performance. Thus, assays combining
these characteristics are proposed and often realized by the use of mi-
crofluidics and nanotechnology [1–8]. Furthermore, many types of
multiplex immunoassay platforms have been reported, including mi-
croelectromechanical systems (MEMS) [9,10], paper-based [11–14],
bead-based [15–17] and array-based platforms [18–21]. In recent
years, one of the most prominent application of such immunoassay
platforms from the perspective of healthcare has been virus detection
[22,23].

Since 2012, MERS-CoV has become a prevalent issue affecting
multiple countries [24–26]. This coronavirus has affected individuals
with a high mortality rate of about 30% which was reported by the
World Health Organization (WHO) [27]. Furthermore, MERS-CoV
being a relatively recent outbreak, there has been no effective vaccine
which is clinically approved to treat an individual [28]. Therefore, a
means for antibody diagnostics in a simple, robust and rapid manner is
necessary to test vaccine or drug efficacies upon patients while also
preventing the spread of this infectious disease.

In the world of vaccination, blood antibody titres often in the form

of enzyme-linked immunosorbent assays (ELISA) are common methods
to determine whether a patient currently has the necessary antibodies
at adequate concentrations. ELISA is a highly sensitive method that can
achieve limits of detection (LOD) below 1 μg/mL for MERS-CoV, but the
test can take days to produce diagnostic results due to the requirements
for specialists and large equipment [29–36]. Thus, a more rapid and
effective testing methodology that does not require large testing ap-
paratus is desirable to test for vaccine or drug efficacy. In particular, it
is important to emphasize the need for low-cost, simple and robust
point-of-care (POC) device manufacturing in order to improve global
healthcare.

Here, a rapid immunoassay methodology for antiviral antibody
testing that can be conducted within minutes will be introduced. This
work illustrates the construction of a novel multiplex antibody im-
munoassay test which leverages the ESPS microfiber mats as the cap-
ture membrane and pressure-driven convection for ultra-rapid testing.
In addition to the previously established fluorescently-linked im-
munosorbent assay (FLISA) microfiber platform [28,37], the microfiber
mats were pre-patterned with O2 plasma to create multiple hydrophilic
zones with different antigens, and thus creating a multiplex detection
system.

As a proof of concept, two different antigens designed to in-
dividually capture their corresponding antibodies were tested: human
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serum albumin (HSA) and MERS-CoV. HSA is a representative protein
that exists in human plasma samples, while MERS is a viral agent
currently lacking a means of vaccination [28,38]. The simplistic design,
ease of fabrication and setup, the rapid speeds at which diagnostics can
be performed for antibody detection with this system can be an integral
step forward in creating a low cost commercial device for protecting the
general public health in case of MERS outbreaks.

2. Materials and methods

2.1. FLISA reagents and materials

For the polymeric electrospinning processing, pelletized PS (PS
Japan) dissolved in a solution containing THF (Sigma-Aldrich) and
DMF (Sigma-Aldrich). HSA full rapid FLISA operations included Goat
anti-Human Albumin (Bethyl Laboratories, A80-129A), Human
Reference Serum (Bethyl Laboratories, RS10-110) and FITC-conjugated
Goat anti-Human Albumin (Bethyl Laboratories, A80-129F), noted as
‘anti-HSA’, ‘HSA’ and ‘FITC anti-HSA’ in this study, respectively. For
antibody testing both the HSA reagents mentioned and the following
MERS reagents: His-MERS-NP antigen protein (Yokohama City
University) and anti-MERS-NP (mAb #20, Yokohama City University)
were utilized and noted in this study as the ‘MERS’ and ‘FITC anti-
MERS’ reagents, respectively. Anti-MERS-NP was labeled by the
Fluorescein Labeling Kit – NH2 (Dojindo Inc.). Phosphate buffered
saline (PBS, pH 7.4, Gibco) with Tween 20 (PBS-T, pH 7.4, 0.1 w/v%
Tween 20) and skim milk (Yukijirushi Inc.) were utilized for different
purposes like diluents, washes and blocking agents. Additionally, FITC-
conjugated bovine serum albumin (BSA-FITC, Sigma-Aldrich, A9771-
1G) and BSA (Sigma Aldrich, A3608-50G) were utilized in combination
with ESPS fiber mats for fluorescence microscopy.

2.2. Electrospinning technique

Pre-pelletized PS at 10 vol%/vol% was dissolved into a solution of
1:1 THF/DMF. The solutions were left to stir mildly at room tempera-
ture for 24 h to allow for the PS to dissolve entirely. The PS solutions
were then loaded through a syringe to the electrospinning device. The
environmental and processing conditions were set as noted in
Supplementary Material Table S1. After electrospinning, a ‘wet-press’
technique reported by Wu et al. was applied to the microfibers [39].
This technique layered ESPS fiber mats by stacking 8 layers of fibers
atop one another, soaking them in ethanol (EtOH) then sandwiching the
stack between glass sheets and pressed by a 2 kg weight for 24 h before
use.

2.3. O2 plasma spot treatment

An O2 plasma cleaner (PDC-001, Expanded Plasma Cleaner, Harrick
Plasma) paired with a gas flowmeter (PDF-FMG, PlasmaFlo Gas Flow
Mixer, Harrick Plasma) were utilized to treat the ESPS fiber mats with
O2 plasma. A steel mask with 9 holes (spot size= 2.5mm) was custom-
made to create patterns of O2 plasma treatment on the ESPS fiber mats.
ESPS 10 wt% fiber mats that were wet-pressed at 8-layers were utilized
for spot treatment experimentation. 8-Layered 10 wt% ESPS was used
rather than 4-layer samples since the 4-layer samples showed a
spreading of added reagents into non-hydrophilic spot regions over
time. 8-Layer samples showed minimal spread or leak of reagents be-
yond the scope of the O2 plasma treated hydrophilic spots.

8-layer ESPS fiber mats after spot treatment were tested for both
protein adsorption and blocking preference by fluorescence micro-
scopy. For protein adsorption ESPS fiber mats were submerged in a
FITC-BSA solution (10 wt% FITC-BSA to BSA in 20mL PBS) for 1 h.
Samples were then dip-washed in PBS-T 20 times. Blocking effective-
ness was tested by comparing BSA, BlockingONE and skim milk as
blocking agents, where three separate ESPS fiber mats were soaked in

the respective blocking solutions: BSA (2 w/v), BlockingONE (20 v/v),
and skim milk (2 w/v) for 1 h before being dip washed in PBS-T 20
times. Then the samples were soaked in the same FITC-BSA solution as
the previous experiment for 1 h and dip-washed again in PBS-T 20
times. All fluorescence images were measured under an inverted mi-
croscope (CKX53, Olympus) paired with a fluorescence light source and
filter (U-HGLGPS, Olympus). Images were taken by the cellSens
(Olympus) image processing software and measured by ImageJ
(National Institutes of Health) under the ROI manager tool.

2.4. Cassette-device-based immunoassay system

A 37-mm monitor (Advantec) was adapted as the cassette device by
replacing the internal membranes with the 8-layered 10wt% ESPS
samples together with an appropriately cut and shaped filter paper
(40mm, No.5B, Kiriyama Rohto) layered inside the 37-mm monitor
housing environment. The setup had the lower layer as the filter paper
with the upper layer as the O2 plasm-treated ESPS fiber mat. Through
the inlet, bulk reagents (PBS wash, antigen, and secondary antibody)
were inserted and flushed out the opposite end outlet through syringe
pressure.

2.5. Rapid MERS immunoassay testing protocol

In all immunoassays, the 8-layered 10wt% ESPS membranes, which
were treated with O2 plasma treatment for 3min at 100W, were uti-
lized. Rapid immunoassay testing using the cassette platform were
performed in following steps: (1) antigen immobilization, (2) blocking,
and (3) antibody capture. First, HSA and MERS concentrations were
optimized independently on the treated ESPS membranes. HSA con-
centration in PBS was varied in the range from 0 to 1000μg/mL, using
6 μL per spot. Blocking by 2mL of skim milk at 2% w/v was then ap-
plied through the syringe directly into the cassette, where the solution
was held for 1min then pulled through the outlet. Finally, 1 mL of FITC-
conjugated anti-HSA antibody solution at 10 μg/mL was held in the
cassette for 1min and also flushed through. Similarly, MERS was tested
first by immobilizing His-MERS-NP at concentrations ranging from 0 to
500 μg/mL. After the skim milk blocking procedure, 1mL of FITC-
conjugated anti-MERS NP #20 solution at 11 μg/mL was held in the
cassette for 1min and flushed through. For both HSA and MERS testing,
washing was conducted with PBS-T with 1mL volumes flushed through
three times through the cassette both after the blocking step and FITC-
conjugated antibody step.

For the multiplex immunoassay, it was conducted identically to the
above immunoassay protocol, but with different antigens patterned
separately on a single ESPS membrane: 3 spots were treated with MERS
(200 μg/mL; 6 μL), 3 spots treated with HSA (200 μg/mL; 6 μL) and 3
spots with no antigen immobilized. Again, the blocking was performed
with 2mL of skim milk at 2% w/v was held for 1min in the cassette and
then flushed through. Finally, three different test solutions of antibodies
were prepared and tested through the multiplex ESPS membrane: 1mL
of FITC-conjugated anti-HSA solution at 1:100 dilution, 1mL of FITC-
conjugated anti-MERS NP #20 solution at 1:50 dilution, and a 1mL
mixture of FITC-conjugated anti-HSA (1:100 dilution) and FITC con-
jugated-anti-MERS NP #20 (1:50 dilution), where the concentrations
for each antibody were identical in all cases. Fig. 1 and Supplementary
Material Table S2 illustrate the overall procedure as well as the final
concentrations used for the test protocols.

3. Results

3.1. O2 plasma spot treatment

It is critical that as much antigens are immobilized to the surface to
enhance the signal of the immunoassay system for the antiviral anti-
bodies. Therefore, the amount of protein immobilization was optimized
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through the microfiber surface hydrophobicity. The 8-layered 10wt%
ESPS fiber mat samples were treated by O2 plasma spot treatment for
different time lengths, then tested for protein adsorption to the surface.
To determine the optimum condition for the largest antibody im-
mobilization to the surface, BSA was used as the model protein. First,
the contact angles were measured to confirm the effect of O2 plasma
treatments (Fig. 2). Overall, it was confirmed that the hydrophilic areas
treated by O2 plasma showed a decreasing trend in contact angle with
increasing treatment time. On the other hand, the contact angles of
hydrophobic zones were not significantly altered among the samples.

Next, the actual amount of BSA adsorption on plasma-treated
samples were analyzed to estimate the antigen immobilization capacity.
The results for varied O2 plasma treatment conditions are shown in
Fig. 3, where the samples were treated for 1, 3 and 5min at 100W. It

can be seen that the most amount of BSA was adsorbed to the 3-min-
treated samples. The lack of sufficient O2 plasma time at 1min likely
did not allow the oxygen to fully penetrate the fiber thus not yielding
adequately-hydrophilic fiber surfaces for the BSA solution to penetrate
the fiber and come in contact with the fiber surfaces. On the other hand,
the excessive 5-min-treated samples over treated the samples to become
super hydrophilic, preventing any hydrophobic bonding between the
surface and protein samples. Thus, for subsequent experiments, 3 min
was chosen as the optimal time for O2 plasma treatment for protein
immobilization to the fiber surfaces.

In addition, blocking agents were optimized for the ESPS samples
and thus a similar protein adsorption test was conducted with three
types of blocking agents: BSA, BlockingONE and skim milk (Fig. 4).
Although all of them displayed efficient blocking of fluorescently-

Fig. 1. (a) Schematic representation of the O2 plasma spot treatment setup. (b) Schematic representation of the housing environment and membrane setup. (c)
Overview of steps taken in the rapid MERS immunoassay protocol.

Fig. 2. Contact angle measurements for (a) 1 min, (b) 3 min, and (c) 5min of O2 spot plasma treatments.
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labeled BSA adsorption, it was demonstrated that skim milk performed
the best. Therefore, in subsequent experiments, skim milk was used as
the blocking agent.

3.2. Multiplex rapid MERS immunoassay

To provide a proof of concept study for clinical application as to
whether the fabricated ESPS platform together with the design rapid
immunoassay protocol within a device-based environment could be
applied to a rapid MERS immunoassay, antibodies against HSA (con-
trol) and MERS-CoV (target) were tested using this platform. As

mentioned in the introduction, by attaining a rapid detection of desired
analytes, in this case antibodies to examine the immune system, a
progressive step forward can be made towards preventative diagnostics.

First, the optimization of the protocol for antigen immobilization to
the ESPS platform was performed. Here, both HSA and MERS antigens
were tested separately. Optimization of HSA adsorption indicated a
rapidly increasing trend up until about 200 μg/mL to where increasing
amounts of HSA immobilized to the surface has a plateaued effect of
detection intensity (Fig. 5). Meanwhile, the MERS adsorption test de-
monstrated that detection was limited at concentrations less than
100 μg/mL, thus concentrations above this value were used for sub-
sequent studies.

Lastly, multiplex rapid immunoassay using 200 μg/mL of HSA and
MERS antigens was performed (Fig. 6). Three separate ESPS platforms,
each with 9 O2-plasma treated spots, were all processed under the same
conditions with the only difference being the antibody solution having:
(1) only FITC-conjugated anti-HSA antibodies, (2) only FITC-conjugated
anti-MERS antibodies, or (3) a mix of both FITC conjugate anti-HSA and
FITC-conjugated anti-MERS antibodies. It was successfully observed
that, upon the ESPS platforms tested with FITC-conjugated anti-MERS
antibody and anti-HSA antibody solutions, each of MERS and HSA an-
tibodies could be selectively detected. Additionally, when a mixed so-
lution of FITC-conjugated anti-MERS and anti-HSA antibodies was
added, both antibodies could be simultaneously detected with the
multiplex setup. It was also noted that the signals for both antibodies
slightly decreased in the mixture test, in comparison to the individual
tests, possibly due to the crowding.

4. Discussion

This multiplex microfiber-based immunoassay platform hinges on
several key factors including the patterned O2 plasma treatment and
efficient blocking that warrant some discussions. First, the rationale

Fig. 3. Fluorescence images labeled BSA adsorbed onto the 8-layered 10wt% ESPS treated with spot O2 plasma for (a) 1min, (b) 3min and (c) 5min. (d) For
quantitation of the BSA adsorption, fluorescence (Fluo) as well as background (BG) intensities were quantified. (n=4; error bars are standard error).

Fig. 4. Fluorescence quantification of the ability of blocking agents to prevent
the adsorption of fluorescently-labeled BSA, comparing BSA, BlockingONE
(BlkONE) and Skim milk (Milk).
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behind how proteins such as the immobilized antibodies/antigens
preferentially adsorb to just the hydrophilic spots is of great im-
portance. Generally, the protein adsorption on flat surface is affected by
the hydrophobicity and surface potential [40]. In the case of EPSP fiber
mats, the nature of hydrophobicity arises from Cassie-Baxter regime
consisting of two kinds of hydrophobic materials, which are the un-
treated PS and air [41]. The O2 plasma treatment modifies the surface
properties of PS rendering it hydrophilic. For flat PS plates, the surface
wettability of water changed from 77.7°± 3.0°–25.2°± 3.9° after
treatment with O2 plasma for 5min. Interestingly, in stark contrast to
the flat plates, the O2-plasma-treated PS microfibers resulted in greater
levels of hydrophilicity (4.5° ± 4.1°) after the same plasma treatment,

as illustrated in Fig. 2. This hydrophilic nature of the ESPS microfiber
mat after O2 plasma treatment can be explained by the Wenzel regime,
describing the reduced apparent water contact angles for rough surfaces
[41]. Indeed, the patterned O2 plasma treatment on the ESPS microfiber
mats resulted in separate regions with these two different regimes,
where only the hydrophilic surfaces promoted solution flow through
the plasma-treated spots. In other words, O2 plasma treatment of PS
was suitable for preventing air pockets within microfibers, and thus the
protein solution could contact the fiber surface through wetting. On the
contrary, the unexposed, hydrophobic surfaces of ESPS did not allow
wetting, so the protein solution could not contact the fiber surfaces in
these regions. Thus, although the total amount of protein adsorption is

Fig. 5. Varied immobilized antigen concentrations to the surface for (a) HSA and (b) MERS utilizing the rapid immunoassay protocol. (n= 3; error bars are standard
errors).

Fig. 6. (a) Quantification of the multiplex MERS immunoassay, (b) schematic of the antigen immobilization setup, (c) FITC-conjugated anti-MERS only solution, (d)
FITC-conjugated anti-HSA only solution, and (e) both anti-HSA and anti-MERS. (n= 3; error bars are standard errors).
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regulated by the true contact angle of materials, the apparent contact
angle arising of the porous structure of ESPS microfiber is also a crucial
parameter in dictating protein adsorption.

Next, a brief discussion of skim milk as the blocking agent is of
importance. Often times, immunoassays are conducted with blocking
agents commonly those of proteins which can adhere well to the surface
without preventing any other adsorption of proteins to the surface.
Among the common choices, skim milk, BSA or BSA-based products,
such as BlockingONE exist. As noted in Fig. 5, skim milk had the best
results for blocking in the case of the O2-plasma-treated samples. The
mix of variety of proteins that exist within skim milk could beneficially
be penetrating the fiber and thus blocking the surface most effectively
[42–44]. It has been found that casein, within milk, can be an effective
blocking agent due to its small protein size. Together with other pro-
teins within skim milk a closely packed surface of proteins can effec-
tively prevent non-specific adsorption to the surface. In contrast, BSA
has relatively large molecular weight components which can make
random close packing of blocking to the surface difficult in comparison
to that of skim milk. Another interesting point is that skim milk is
considered amphipathic having both hydrophilic and hydrophobic
parts. As O2 treatment is introduced to the surface, the hydrophilic
nature may have allowed milk to be effectively bound to the surface.

Lastly, the comparison of the multiplex microfiber platform used in
this study to other conventional assays and devices is important. A
comparable work to this study was conducted by Sato et al. [45], where
a combinatorial assay was conducted utilizing a microfluidic chip to-
gether with integrated polystyrene beads to measure IgA antibody
concentration. Similar to how microfibers were utilized in this study to
increase the surface to volume ratios, microbeads were packed into a
microfluidic device with a filling factor of 60% (bead diameter of
46 μm). Although they were able to achieve a high level of sensitivity
below 10 μg/mL, their straightforward step-by-step immunoassay pro-
cedure of antigen immobilization and then capture of colloid gold la-
beled-IgA antibodies took roughly 1 h, compared to several minutes in
this study. Thus, sensitivity and speed is often a fine balance for these
immunoassays, and priorities should be chosen based on the applica-
tions of these assays. The multiplex microfiber platform in this study is
intended for antibody detection for POC monitoring of antibody levels.
It has recently been reported that the antibody titers of patients infected
by MERS-CoV range from 1: 80 to 1: 800, depending on the time post
infection, with the neutralizing antibody titer being more than 1: 800
[46–48]. Considering that ELISA is often used for determining antibody
titers and its LOD is around 1 μg/mL [36], it is suggested that the re-
quired antibody concentration for neutralizing MERS-CoV would be
above 800 μg/mL. Thus, the LOD of 200 μg/mL for the anti-MERS-CoV
antibody by the multiplex microfiber platform, although not yet as low
as other established platforms, would be sufficient to detect the ne-
cessary antibody production in MERS-infected patients.

5. Conclusion

The multiplex ESPS fiber system with a housing suited for POC was
introduced as a means for rapid MERS antibody detection. The cap-
ability of a rapid FLISA was exhibited by utilizing 8-layered ESPS fiber
mats treated with O2 plasma. The patterned O2 plasma treatment
method with developed mask showed optimal protein adsorptive re-
sults at 3min at 100W. This in turn created a hydrophilic surface
capable of antibody immobilization and, further, rapid FLISA testing. In
terms of the detection surface, effective detection could be achieved
upon this platform within 1min of operation time. Furthermore, the
actual setup and preparation of the device could be completed in 5min,
which includes capture molecule immobilization, blocking and washing
steps. The results demonstrated the capability of the device for multi-
plex analysis by detecting antibodies for both HSA and MERS-CoV
concurrently. This microfiber-based multiplex immunoassay platform
serves as a stepping stone for the next-generation POC device that

would enable preventative diagnostics by accurately and rapidly de-
termining the existence of adequate antibodies and aid general
healthcare through appropriate vaccination schemes.
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