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ABSTRACT: Rapid, simple, and sensitive point-of-care testing . is e o
(POCT) has attracted attention in recent years due to its excellent : T

potential for early disease diagnosis and health monitoring. The { oot
flow-through biosensor design is a candidate for POCT that = 't { improvement 1
utilizes the small-sized pores of a porous membrane as a T { -

recognition space where it emits a signal comparable to that of a S0t 1
conventional enzyme-linked immunosorbent assay within 35 min “." ELISA
of detection time. In this paper, we present a numerical model for e ° (O LA

10 10° 10° 10* 10°  10°

this immunosensing technology to systematically design an s
5 &y 4 7 & sub Ag concentration [pg ml '1]

improved recognition system. The model considers mass transfer
into the pore (convection and diffusion), the kinetics between the
immobilized receptor and the target molecule, and the flow conditions, successfully leading to a bottleneck step (capture of
secondary antibody) in sandwich-type detection. Our simulation results also show that this problem can be solved by adopting both
appropriate receptors and analytical conditions. Eventually, the requirements to achieve the sensitivity required for POCT were
tulfilled, which will allow for further development of immunosensing devices for disease detection.

iosensors are chemical sensors that use biological the diffusion of substances to the reaction site inside the well."
molecular-recognition mechanisms such as enzymatic Hence, a novel rapid and simple detection system with high
reactions and antigen—antibody systems." They can be applied sensitivity is required for POCT.
in medical diagnostics by targeting trace amounts of Recently, we succeeded in developing a membrane-based
biomarkers that are present in biological samples. Point-of- immunosensor that is rapid and sensitive (Figure 1a).'® This
care testing (POCT) that can be conducted at home or sensor is based on a porous track-etched membrane, and
bedside has become an important research focus in recent nanometer- to micrometer-sized cylindrical pores are used as
years. In the development of biosensor diagnostic technolo§ies, molecular-recognition channels. To achieve a high-reactivity
various biomarkers, including prostate-specific antigens,z’ C- space, the captured antibodies were uniformly and densely
reactive proteins,” cardiac troponin® (markers of acute immobilized within the small-sized pores using a combination
myocardial infarction), and cytokines” (inflammatory of the plasma-induced graft polymerization technique'” ™" and
markers), have been investigated. the active ester method. In addition to this reactive pore
While the discovery of functional biomarkers and their structure, we also eliminated the diffusional rate-limiting effect
receptors for disease detection is critical,’ " a practicable with an active solution (analyte) flow into the pores.”’ As a
detection system design is also essential for biosensor result, the time required for the sandwich-type detection test
development. The lateral flow assay is a rapid and easy-to- was reduced to ~35 min from the 2 h required by ELISA.

use detection method that is now widely used in clinical
practice; however, its low sensitivity is a limitation."" Thus,
sensitive sensing techniques, including immune-polymerase
chain reaction,'” have been developed to enable extremely high
sensitivity and specificity. However, sensitive sensing systems
have limitations such as the expensive equipment required and
long detection times. Enzyme-linked immunosorbent assay
(ELISA)" is the most common technique used for lab-scale Received:  January 19, 2021
diagnostic applications and is expected to be a fundamental Accepted:  March 18, 2021
technology in POCT design. Although ELISA is highly Published: May 6, 2021
sensitive compared with other methods that employ an

antigen—antibody system, this method is still time-consuming

and labor-intensive'* because of its rate-limiting step during

Moreover, this membrane-based sensor showed comparable

signal strength to ELISA despite the contaminants. Although

there are some reports regarding sensors that use a membrane
321,22

as a substrate,

sensitivity, rapidity, and amount of sample employed. The

our system was superior in terms of
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Figure 1. (a) Schematic illustration of a membrane-based biosensor using solution flow (convection flow). (b) Numerical model considering mass
transfer via flow and associated molecular-recognition reaction. There are three steps for sandwich-type detection: flow of the (1) antigen (Ag), (2)

detection antibody (Ab,), and (3) corresponding substrate (Sub).

Table 1. Sensor Types and Their Performances

Reacti Specific surface Reaction s Detection Potential
caction space arca caction system time performance
ELISA w'?” surface low diffusion >2 hrs medium
(radius ~ 3 mm)
test line .
Lateral flow assay (~1.5mm> 4mm) flow ~30 min low
Microfluidic sensor microchannel flow ~30 min high
(radius ~ I mm)
Membrane-based membrane pore channel high flow ~30 min ey i

sensor (radius ~1 pm)

small pores (~1 pm) can provide a high surface area, which
leads to high reactivity. Thus, the sensor is also proposed to be
a superior candidate for POCT than microfluidic biosen-
sors”>*° that use micrometer- to millimeter-sized channels
(comparison of the sensors is shown in Table 1).

Meanwhile, the limit of detection (LOD) of our system is
currently ~1 ng/mL. Since the required LOD for detecting a
wide variety of biomarkers is ~10—100 pg/mL, the test
conditions and system itself need to be improved. The
membrane-based system has several recognition steps and
parameters (e.g, flow rate of the analyte and detection
reagents, reaction time, receptor density in the pore, and
membrane thickness) that can affect its sensitivity; thus, it will
be time-consuming to experimentally investigate appropriate
conditions. In such cases, a comprehensive study using the
numerical model is useful.

Models for the adsorption/recognition behavior of target
molecules have been studied using various biosensors,
including ELISA,*® surface plasmon resonance,”’ microfluidic
devices,”**” and magnetic biosensors.’® Vijayendran et al. have
developed a transport-kinetic model for diffusion-based
molecular recognition.”’ Alam et al. presented a mathematical
model for the adsorption/extraction of analytes on a solid
surface under static conditions that successfully expressed the
experimental results.”> The purpose and application of a
convection flow to a small-sized space were demonstrated in a
two-dimensional model of microfluidic devices.”**’ Escobedo
et al. compared the flow-through and flow-over models for the
adsorption of an analyte in detail.>> Meanwhile, due to the
complexity of applying model calculations to flow-through
biosensors, there are few reports on the modeling of multistep
recognition (e.g., sandwich-type detection).
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The aim of this study is to explain the purpose and function
of our membrane-based biosensing system using a numerical
approach. The numerical model considers biomolecule mass
transfer, association/dissociation, and enzymatic reaction
based on the experimental parameters (Figure 1b). The
conventional ELISA is modeled as a comparison to
demonstrate the superiority of the membrane-based system
based on calculations. Moreover, the effect of each parameter
of our proposed system was evaluated to obtain the systematic
design which meets the sensitivity requirements of POCT.

B EXPERIMENTAL SECTION

Structure of the Membrane-Based Sensor. In the
membrane-based sensor, the capture antibody is covalently
immobilized onto the membrane surface. A detailed
description of the sensor fabrication and experimental data
used in this study can be found in a previous report.'® In brief,
a track-etched polyethylene terephthalate (PET) membrane
with uniform cylindrical pores (porosity 19.6%, maximum pore
diameter 1 um, and thickness 22 pm) was modified with
poly(acrylic acid) by plasma graft polymerization.'” After
converting the carboxy group of the grafted polymer into the
active ester group, the capture antibody was immobilized into
the pores by immersing the PET membrane in the capture
antibody solution (100 gL, 100 pg/mL) at 4 °C overnight
(Figure 2b).

Modeling of the Proposed Membrane-Based Bio-
sensor. Our sensor uses track-etched membranes with a pore
size of 1 pym, which means that the pores have a uniform
cylindrical structure. Therefore, the model is constructed
through mass transfer into a 1 ym diameter tube. Biomolecules
and a substrate (Ag, Ab,, and Sub) permeate the pore and
reach the reaction site near the pore surface (Figure 2).

https://doi.org/10.1021/acs.analchem.1c00250
Anal. Chem. 2021, 93, 7210-7219
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Figure 2. (a) Schematic illustration of mass transfer via solution flow
and reaction in the pores. As 7, is much larger than 7,, the model
assumes that there is no concentration distribution in the radial
direction. (b) Structure of the sensor surface.

However, because the time constant for flow (7;) is much
larger than that for radial diffusion in the pore (z,), the radial
diffusion rate is much faster than the flow rate in the thickness
direction (see the Supporting Information). Thus, the
concentration of the solution is assumed to be identical in
the radial direction. Furthermore, the model was constructed
considering only the solution flow because the captured
biomolecules through convection flow are much larger than
that by diffusion (Figure 4a in the later description).

We adopted a sandwich-type reaction system, which involves
three components for sensing: flow of (1) Ag, (2) Ab,, and (3)
Sub, as shown in Figure 1b. In this study, the model is
investigated with and without convection flow to determine its
effect. Lax—Wendroff theorem,>* which is a nonlinear equation
with second-order accuracy in both space and time, was
applied for the advective term in the model with convection
flow. Meanwhile, in the model without convection flow, the
region where only molecular diffusion occurs (1 mm in front of
the pore inlet) was included because biomolecules are quickly
consumed near the membrane inlet so that concentration
gradients are formed.

In the first step, when an analyte permeates the pore, the Ag
reacts with capture antibody (Ab,), which is immobilized in
the pore. This step is described as follows.

kon

Ab, — Ag
Kot L

Membrane

Here, k., is the association rate constant and k. is the
dissociation rate constant.

In the second step, Ag—Ab, forms a sandwich structure with
the detection antibody. Thus,

kOl]
Ab,—Ag + Ab, 2

Ab; — Ag — Ab, (2)
koﬁ’

Here, the kinetic constants are assumed to be the same as
those in the first step. In addition, the dissociation/
reassociation of the captured Ag, which is represented by the
inverse reaction of eq 1, was also considered.

In the third step, the substrate is oxidized through
horseradish peroxidase (HRP) in a sandwich structure, as
follows.™

cat

Sub k—> Sub,, 3)
Here, Sub is the substrate, Sub,, is the oxidized substrate, and
k., is the turnover number.

We experimentally used bovine serum albumin (BSA) as the
Ag, anti-BSA polyclonal antibody as the Ab,, HRP-labeled anti-
BSA polyclonal antibody as the Ab,, and 3,3',5,5'-tetrame-
thylbenzidine (TMB) as the substrate.'® Therefore, the
parameters used in this model were in accordance with these
conditions.

Table 2 shows the parameters that were used in the model
calculation. The parameters, @, 7,0, and dy, were used to

calculate the concentration of the immobilized Ab, in the pore
(Cap,)- The kinetic parameters k,, and k., were determined

Table 2. Parameters Used in the Numerical Model' 3537740

classification parameter

membrane thickness
membrane area

porosity

pore radius

membrane structure

Ab, density per membrane area

association rate constant
dissociation rate constant
turnover number of TMB—HRP
Michaelis constant of TMB—HRP
absorption coefficient of TMB,
diffusion coefficient of Ag (BSA)
diffusion coefficient of Ab

diffusion coefficient of TMB

molecular property

permeated Ag concentration

permeated Ab, concentration
operational condition
permeation time

flow rate

7212

symbol unit experimental value refs
1 pm 22 16
A cm? 0.785 16
17 19.6 16
Toore pm 0.5 16
dap, ng cm™> 8000 16
K., m® mol™* 7! 63.5

K st 3.7 x 107

Keat s 1.3 x 10* 37
K, mM 0.415 37
e M em™ 3.9 x 10* 35
Dy 6x 107" 38
Dy, m? 57! 4x 107" 39
Dy 3x 1071 40
Cag M 3x107"-1.5 x 107’ 16
Cab, M 13 x 107" 16
t min 10 16
u 4L min™! S0 16

https://doi.org/10.1021/acs.analchem.1c00250
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experimentally by using a biolayer interferometry Octet K2
(Pall Fortebio), as shown in Figure S1. Since the polyclonal
antibodies used in the experiments have multiple epitopes, the
binding constants have a normal distribution, and the
determined constants are their average values.*® The
experimental values are based on our previous report'® as
well as other studies on molecular properties.”*>”’ ™ In
addition, we changed several parameters of the molecular
properties (k,,, Dyg) and all of the operational conditions (Cyg
Capy t, and u) in the model calculation.

Modeling of Conventional ELISA. The expected
performance of ELISA was also calculated so that it could be
compared with the membrane-based sensor. In ELISA, mass
transfer occurs only by diffusion, and molecular recognition
occurs at the surface of the well plate. In this study, COMSOL
Multiphysics was used to simulate biomolecule diffusion and
calculate the amount of sandwich structure that formed at the
surface of the well plate. Then, the reaction-diffusion equation
was solved to calculate the signal strength based on the
estimated amount of sandwich formation (see the Supporting
Information).

B RESULTS AND DISCUSSION

Validity of the Models and Comparison of the
Sensing Systems. Figure 3a,b shows a comparison of the

*Bethyl Lab, ELISA datasheet ( b )
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Figure 3. Comparison of the experimental signals and calculated
signals via our model in the (a) ELISA and (b) membrane-based
sensor. (c) Comparison between the membrane-based sensor and
ELISA with the same recognition time.

experimental results with the calculated results of the model
under the same conditions. The experimental results for ELISA
are from the Bethyl Laboratories ELISA datasheet. The
experimental result for the membrane-based biosensor was
derived from the combined results of the BSA detection test
and the detection test with contaminant human serum
albumin."® Figure 3a,b shows that the signals for the model
and experiment are similar in both the membrane-based sensor
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and ELISA without any fitting parameter. Although each
experimental signal in our sensor is slightly higher than the
calculation values, this may be due to the experimental factor,
including remaining contact between the permeated solution
and the membrane before the signal is emitted.

Because the recognition times of the ELISA and membrane-
based sensors were set to 1 h (total 2 h 30 min) and 10 min
(total 35 min) in Figure 3a,b, respectively, we then calculated
the effect of the reaction time to compare the sensor’s
performance using the same recognition time. Under these
conditions, the membrane-based sensor showed a much higher
signal than that of ELISA due to the efficiency of the reaction
in the pore, as shown in Figure 3c. In the next section, the
membrane-based sensing model is discussed in detail for each
step to further explain our system.

Investigation of the First Step (Ag Recognition). To
investigate the molecular-recognition behavior of the first step
of the sensing system, we calculated the distribution of the
captured Ag relative to the membrane thickness direction
when the Cy, = 10 ng/mL Ag (BSA) solution permeated the
membrane under the experimental conditions, as previously
reported.’® The red line in Figure 4a shows that most of the
Ags were quickly captured at the entrance of the pore;
therefore, the amount of captured Ags at the exit was almost
zero. In fact, according to our calculation of the total amount
of accumulated Ags, most of the permeated Ags (>97%) were
captured in the pore. The high reactivity was attributed to the
extremely high concentration of Ab, in the pore.

On the other hand, as can be seen from the blue line in
Figure 4a, recognition through diffusion indicated that almost
no capture occurred, which was caused by the concentration
gradients resulting from the consumption of the Ags around
the entrance of the membrane (Figure S2). Furthermore, this
tendency was observed not only for the flow of large-sized and
low-diffusive biomolecules, such as the targets in this study
(BSA and IgG), but also for that of small-sized and high-
diffusive molecules. Figure 4b shows the amount of captured
Ags relative to the channel direction when Ags of several
diffusivities diffused into the pore. The result for BSA is also
shown in Figure 4b (D = 6 X 107" m* s™', which is the same
as the blue line in Figure 4a). This shows that the number of
captured Ags in diffusion was low compared to that in solution
flow, although small molecules (with high diffusion coef-
ficients) enhance the influx of the Ag into the pores. Figure
4a,b shows the results for Cag =10 ng/mL; these trends were
similar regardless of the Ag concentration.

Figure 4c shows the results for solution flow when the flow
rate was changed from that shown in Figure 4a. In this
calculation, only the flow rate was increased at a constant
recognition time, so the total amount of the permeated
solution (= flow rate X recognition time) also increased.
Therefore, the capture rate should also increase with the
increase in flow rate. When the flow rate is low, the mass
transfer is the rate-limiting step; thus, the Ag is immediately
captured after reaching the pore. Meanwhile, as the flow rate
increases, the breakthrough region appears and some of the Ag
permeates without a reaction. Figure 4d shows the total Ags
captured in the membrane at different flow rates. In a range up
to 100 ul/mL (investigated in this study), the unreacted Ag is
at most 10% of the total permeated amount; thus, the effect of
the breakthrough is small. Although the Ag capture rate is high
in this step, almost all Ab; remained unreacted because the
initial Ab; concentration in the pore was much higher. Figure

https://doi.org/10.1021/acs.analchem.1c00250
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http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00250/suppl_file/ac1c00250_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00250/suppl_file/ac1c00250_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00250/suppl_file/ac1c00250_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00250/suppl_file/ac1c00250_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00250/suppl_file/ac1c00250_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00250?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00250?rel=cite-as&ref=PDF&jav=VoR

Analytical Chemistry

pubs.acs.org/ac

(a) 6x10° . - . .
— =——=Ag permeation
'L:_ =Ag diffusion
Qo
< 410°
~
(=)
<
e
2 3
S x10
[o R
©
O

Membrane thickness [um]

200

=50 pl min"' ==200 ul min
(C) 6x10° ==100 yl min"'
2 wxi0®
o
<
o
2 2x10°
=
Q
[
O
0 N L
0 5 10 15 20
Membrane thickness [um]
(e)
2x10° - . . . ;
=0 w min"
- —0.5 ulmin"
2 1.5x10° "l
¥e)
<
;N 1x10° =50 pl min’"
2 J
©
o
2 5x10° J
a
@©
O —~
0 Bl
15 20

Membrane thickness [um]

(b)sxw5

(d

Captured Ag / Ab, [-]

1%10” oy
= 3
~ 8x10°} ]
e}
<
-
()] 3
< 6x10°k o
e
e
= «10°f .
Q
©
o
w x10°k £ 4
o
[
0 M 2 M " "
0 100 200 300 400 500 600

T T T T

——BSA(D=6x10")

' __D=10%
6x10°H, N __D=10" 1
! ‘. -- D=10"

]
4x10° 1
2x10° S ]
% 5 10 15 20

Membrane thickness [um]

p—

Flow rate of Ag solution [l min™)

A~~~
—h
o

1.5x10° r r v r r

-

-

< o

~ 1x10° ~ 4

Q0

<

o

o

p=}

2 5x10°} J

o

[&]

=

o

'_ 0 A i A A A
0 10 20 30 40 50

Flow rate of Ab, solution [ul min™]

Figure 4. Amount of (a) captured Ag (BSA) via solution flow and diffusion under experimental conditions and (b) captured Ag with different
diffusivities in the thickness direction. These are the results obtained with 10 ng/mL Ag concentration. The blue line in the green square in (a) is
magnified in (b). (c) Distribution of captured Ag in the thickness direction with different flow rates. The Ag concentration is the same as in (a),
and the other conditions are the same as the experimental conditions. (d) Total amount of captured Ag in the membrane with different flow rates.
The breakthrough occurred by increasing the flow rate of the Ag solution. The plot shows the experimental condition, where a breakthrough did
not occur. (e) Distribution of captured Ab, in the thickness direction with different flow rates. The Ag concentration in the first step is the same as
in (a), and the other conditions are the same as in the experimental conditions. (f) Total amount of captured Ab, in the membrane with different
flow rates. The plot shows the experimental conditions. Because of the low reaction rate, the total captured Ab, amount becomes constant with a

subtle flow rate.

S3 shows the density of unreacted Ab, relative to the thickness
direction when the Ag permeated under the same conditions as
shown in Figure 4a. This result indicates that the amount of
Ab, is enough for the Ag to recognize.

Investigation of the Second Step (Sandwich For-
mation). Next, we evaluated the formation of the sandwich
structure in the second step of the sensing system. The red line
in Figure 4e shows the amount of captured Ab, (i.e., sandwich
structure formation) under experimental conditions when 10
ng/mL of Ag permeates in the first step; hence, the Ag
distribution shown in Figure 4a is used in this calculation. As
the amount of captured Ag at the entrance of the pore is high
in the first step, that of Ab, in the second step is

7214

correspondingly high. Meanwhile, the total sandwich for-
mation ratio was extremely low. The total amount of Ab,
captured in the experimental condition was calculated to be
<0.5% of the total amount of permeated Ab, (~amount of
captured Ag in the first step). This suggests that the reaction
ratio of the second step can be improved, which would
contribute to a direct increase in sensor sensitivity.

Figure 4e shows the results when only the flow rate in the
second step was changed, while the other experimental
conditions remained the same. Based on the results in Figure
4e, the total amount of Ab, captured in the membrane with a
different flow rate is calculated as shown in Figure 4f. Unlike in
the case of Figure 4d, the captured Ab, amount becomes

https://doi.org/10.1021/acs.analchem.1c00250
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Figure 6. Mapping of the amount of captured Ag at various C,, and k,, in the first step. This figure includes the four types of mappings for different

recognition times and flow rates.

almost constant from the low flow rate. This indicates that this
step is almost independent of the flow rate and is the reaction
rate-controlled process, that is, the captured amount cannot be
improved by the flow rate but can be controlled by increasing
the reaction time and Ab, concentration. This is because the
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Ab,—Ag concentration in the pore is lower than the initial Ab,
concentration, which leads to low reaction kinetics. The results
also show that the flow rate of the permeated Ab, solution (i.e.,
volume of the secondary antibody solution) can be reduced
while requiring a high concentration of the secondary antibody
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required LOD for disease sensing.

toward achieving excellent performance. Therefore, the overall
costs can be minimized by choosing both the appropriate
volume and concentration of the solution. It is also effective to
improve the secondary antibody structure itself (see the last
section).

Investigation of the Third Step (Enzyme Reaction). In
the enzymatic reaction in the third step, TMB reacts with
HRP, which results in coloration. This step is based on the
Michaelis—Menten equation, and the amount of TMB,
increases as the substrate concentration, enzyme concen-
tration, or reaction time increases. However, as the background
signal also increases as the substrate concentration and
reaction time increase, the signal and noise (S/N) ratio does

7216

not improve. Figure Sa shows the calculated intensity and S/N
ratio using different TMB concentrations. Here all but the
third step are set to the experimental conditions. Nonspecific
binding of Ab,, which results in noise, was assumed to be 5% of
the specific binding. This shows that increasing the TMB
concentration does not improve the S/N ratio (thus, the
sensitivity was not improved). Therefore, the enzyme
concentration in the pore (ie, the amount of sandwich)
needs to be increased to improve the sensitivity. The above
results show that the second step needs improvement for
increasing the Ab, capture ratio to achieve higher sensitivity of
the device.
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In addition, the distribution in the pore also changed
depending on the flow conditions; however, the effect of the
distribution on the signal was small. Figure Sb,c shows the
amount of Ab, captured in the second step and the resultant
signals, respectively, depending on the amount of captured Ags
with or without the distribution. The red line shows the results
with the Ag—Ab, distribution when 10 ng/mL Ag permeated
at 0—50 uL/mL for 10 min, while the black line shows the
calculated result without distribution of the captured Ag, where
the average concentration of Ag—Ab, was used. The second
step was calculated under experimental conditions. In both
figures, it can be seen that the effect of the distribution is small
and highly dependent on the number of captured biomole-
cules.

Design of the High-Sensitivity Detection System. In
our detection system using solution flow into the pore, the
following four parameters should be considered: concentration
of the permeated biomolecule, flow rate, recognition time, and
the kinetic parameter between the receptor and the target. The
diffusion coefficient, D, is not considered because its
contribution is small (Figure 4a), while ELISA is significantly
affected by D. Regarding the kinetic parameter, k.g is ignored
and only k,, is considered. This is because the inverse reaction
is not significantly affected, even under those conditions;
therefore, this should be considered when the k. is larger
(Figure S4).

Because the permeated Ag concentration directly affects the
amount of formed sandwich structure and, thus, the LOD, the
first step is first investigated as follows. Figure 6 shows the
color mapping of captured Ags with different Ag concen-
trations and k. Here, different recognition times (10 and 20
min) and flow rates (50 and 100 uL/min) are also considered.
In each condition, the amount of captured Ags increases
depending on the Cyg, even at low Cy,, because almost all Ags
are captured in these conditions, as mentioned above. These
captured Ags are expected to be detected with improvements
in the later steps. In addition, since the captured Ag amount in
this step strongly depends on the total amount of permeated
Ags (ie., flow rate X recognition time) when no breakthrough
occurs, the results in the case of 50 yL/min for 20 min and 100
uL/min for 10 min are similar. For the same reason, the
captured amount in the case of 100 y#L/min for 20 min is large,
which suggests that even lower concentrations of Ags can be
detected when a larger sample volume is available. In addition,
if the k,, value is not small, the Ag transfer is rate-limiting, and
the captured Ag amount is proportional to Cy, regardless of

kyp-
In the second step, the flow rate was not considered because
the reaction is rate-limiting, as shown in the discussion in
Figure 4f. Therefore, in mapping the second step (Figure 7),
only the molecular-recognition time is considered with the
constant flow rate. In Figure 7, the captured amount of Ab,
improved with the recognition time. However, the effect of the
recognition time is small in the red-colored region because
more than 80% of the captured Ag already formed a sandwich
structure. In addition, the captured Ab, strongly depends on
both k,, and C,, since this step is reaction-rate-limited.
Figure 8 shows the detection limits obtained for varying
conditions in both the first and second steps, which were
obtained by combining the calculations in Figures 6 and 7. The
LOD is calculated using the following equation.*’

LOD = 3.35/a (4)
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Here, s is the standard deviation of absorbance at an Ag
concentration of 0 ng/mL and a is the calibration slope around
the detection limit.

The red line in Figure 8 shows the required sensitivity (10
pg/ mL), which is determined from cut-off values of biomarkers
such as interleukin and tumor necrosis factor.*” The results
shown in Figure 8 were affected by both Figures 6 and 7. As
shown in Figure 6, the results are similar for the cases of 50
#L/min for 20 min and 100 #L/min for 10 min, while the case
of 100 pL/min for 20 min has the lowest detection limit.
Furthermore, reflecting the results in Figure 7, a longer
recognition time of the Ab, can lower the detection limit. This
result also suggests that it is possible to detect the Ag with pg/
mL sensitivity by selecting the appropriate Ag—Ab system and
experimental conditions.

One of the improved calibration curves (using condition
1:500 uL of the analyte, Cyp, = 1.2 X 107 M, SO yL/min for
10 min in the first step and 50 pL/min for 20 min in the
second step) is shown in Figure 9. The calculated results

----- Condition 2 (Membrane) =====Condition 2 (ELISA)
— — Condition 1 (Membrane) = = Condition 1 (ELISA)
Current (Membrane) Current (ELISA)
1.5
— 1 o
LN
®©
S
=" 0.5}
w
0 2 3 4 75 6
10 10 10 10 10 10

Ag concentration [pg ml™]

Figure 9. Comparison of the calibration curves of the membrane-
based system and ELISA with improved and current conditions. In
condition 1, the operational parameters were improved (Cy, = 1.2 X
1078 M, 40 min recognition time: 10 min for the first step and 20 min
for the second step. The flow rate for the membrane-based system is
50 uL/min, which is the same as the current condition). In condition

2, the kinetic parameter is changed to k,, = 300 m* mol™" s7".

suggest that the LOD could be lowered by 2 orders of
magnitude by improving operational conditions. The improved
membrane-based system has more than 10 times higher
sensitivity than ELISA under the same improved conditions.
Curves with an improved kinetic parameter (k,, = 300 m’
mol™" s™!) are also shown. In this condition (condition 2), the
sandwich formation is more than 90%; thus, the maximum
performance is around this curve. Meanwhile, detection at
even lower concentrations is possible if a larger analyte volume
is available, as discussed above. In addition, increasing the
concentration of enzymes by designing an Ab, complex
structure can improve sensitivity while reducing the amount
of antibody.” By combining the application of such receptors
with our strategies for improving the sandwich formation ratio,
we expect to achieve even higher sensitivity with the
membrane-based sensor. The experimental improvements
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based on the proposed design concept are under investigation,
and the results will be reported in the near future.

In summary, we modeled our membrane-based biosensor by
considering the mass transfer and biomolecular recognition
with convection flow in the membrane pore. The conventional
ELISA method is also modeled as a comparison. Both models
reproduced the experimental results and confirmed the
superiority of the membrane-based sensor over the ELISA.
For the membrane-based sensor, correlations between the
amount of captured biomolecules and various parameters (flow
rate, recognition time, diffusion coefficient, and kinetic
parameters) were investigated at each step. In the first step,
it was found that the membrane-based sensor captures almost
all Ags during the solution flow. This high reactivity is
triggered by the high Ag, density in the pores. Meanwhile, in
the second step, the effect of solution flow is small, and the
formation rate of the sandwich structure is low in conventional
conditions. In this study, we found that the use of appropriate
receptors and an increase in the concentration of Ab, solved
this problem and improved the sensitivity to the pg/mL order,
which is required for POCT. This study provides guidance for
designing a rapid, easy-to-use, and sensitive sensor, and it is
one of the few reports that incorporate numeric modeling into
the sensor design, which is expected to be helpful for future
sensor development.
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