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ARTICLE INFO ABSTRACT

The filtration effect improves the impedance change through specific binding of target molecules in plasma, and
decreases this change by nonspecific binding of matrix factors in plasma (i.e., matrix effect). A difference in
dielectrophoresis (DEP) forces applied to target molecules and matrix factors causes the filtration effect. An
optimized DEP force affects target molecules, which remain in the reaction region of an interdigitated micro-
electrode (IME) sensor. Various matrix factors, which are larger than the target molecules, are influenced by a
strong DEP force and are filtered out of the reaction region. To demonstrate the filtration effect, the matrix effect
was confirmed in standard plasma and in phosphate-buffered saline, based on the detection of amyloid beta
(Ap), an Alzheimer's disease (AD)-associated peptide. The filtration effect was verified using the matrix effect
factor (MEF), which was calculated from the impedance change values in different detection environments. In
standard plasma, the MEF value decreased by approximately 78.12%, and in buffer with heterogeneous Af, by
approximately 75.43%. Plasma from patients with AD and normal controls (NCs) was analyzed using the value of
the impedance change by the filtration effect. The impedance change was enhanced approximately
1.52 + 0.03-fold in AD plasma, but declined approximately 0.90 + 0.03-fold in NC plasma. This difference
tendency by the filtration effect was the disease evaluation index and used as an important criterion that dis-
tinguished between the AD and NC plasma. Plasma-based AD diagnosis may be possible, based on the filtration
effect.
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1. Introduction concentrations. However, detecting biomolecules in biofluids is ex-
tremely difficult to determine because of the requirement of high sen-
sitivity and selectivity in detection methods for a target molecule.
Several state-of-the-art technologies for high-sensitivity biomarker de-
tection have been successfully developed such as nanostructured en-

gineering (Soleymani et al., 2011), molecular engineering, modified

Severe diseases are caused by biomolecules such as misfolded and
aggregated proteins in biofluids (Dobson, 2003; Ross and Poirier,
2004). Information regarding biomolecules such as their presence or
their concentration is used as a critical indicator to define a disease or

to determine its progression, respectively (Rifai et al., 2006). To define
diseases by using biomolecules, biofluids such as blood, saliva, and
urine are generally utilized because samples are easily obtained (Herr
et al., 2007; Tripathi et al., 2018). Therefore, the detection of extremely
low concentrations of biomolecules in biofluids may have a significant
implication for an early preclinical diagnosis. Most biomolecules at the
early stage of diseases exist in biofluids at extremely low

* Corresponding authors.

deoxyribonucleic acid (DNA) probes (Gao et al., 2018), and DNA na-
nostructures (Wen et al., 2012). In general, biofluids that contain target
biomolecules also include various nontarget biomolecules such as
thrombin (Arya et al., 2011), transferrin (Al-Mashikhi and Nakai, 1988;
Arya et al., 2011), immunoglobulin G1 (Al-Mashikhi and Nakai, 1988;
Arya et al., 2011), and fibrinogen (Arya et al., 2011). This coexistence
causes the matrix effect. These nontarget molecules interfere with the
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detection of target molecules (De et al., 2009). Thus, the accuracy and
precision of a target molecule's detection are expected to be low (De
et al., 2009; Johansson and Hellenas, 2004), even if a highly sensitive
detection method for target molecules is accomplished.

Various methods that reduce nonspecific binding of matrix factors
have been used to improve the selectivity of a sensor. Typical ap-
proaches are as follows: using a receptor with a beacon that emits a
signal only when the receptor interacts with specific molecules (Du
et al., 2005); using a receptor with high affinity (Salazar and
Strittmatter, 2017); or using a blocking agent such as Tween 20 and
bovine serum albumin to reduce nonspecific binding (Batteiger and
Jones, 1982; Jeyachandran et al., 2010). Moreover, physical filtration
through various microstructures and a microfluidic channel have been
used to alleviate the nonspecific binding of matrix factors (Choi et al.,
2007; Gorkin et al., 2010). However, receptor-based approaches have a
great disadvantage in that they act only on specifically engineered re-
ceptors, and the blocking agent-based approach may increase the
complexity of an experiment or the blocking agents themselves may
cause changes in the sensor. In addition, physical filtration involves the
potential risk of removing the target molecules with matrix factors.
Therefore, a method is needed that can be universally used and that
reduces nonspecific binding without using physical removal while
maintaining the simplicity of the experimental procedure.

Dielectrophoresis (DEP) is simple to apply and can be used for
various receptors. Therefore, it is a promising candidate technique that
can be used to increase the sensitivity of a sensor. Chuang et al. (2016)
proposed an ultrasensitive and real-time impedance-based im-
munosensor by manipulating a nanoprobe with DEP force. Sharma et al.
(2016) demonstrated a rapid, label-free, and highly sensitive single-
walled carbon nanotube immunosensor by utilizing the concentration
effect by DEP force. Our research group has also demonstrated that DEP
improves the sensitivity of a sensor (Kim et al., 2016). In a previous
study, we detected beta-amyloid (Af), a representative marker causing
Alzheimer's disease (AD) (Hardy and Selkoe, 2002; Murphy and LeVine,
2010), at sub-femtogram per milliliter concentrations in phosphate-
buffered saline (PBS). However, these results were obtained by applying
one aspect of the DEP effect (i.e., the concentration effect).

In this study, the nonphysical filtration effect due to a local electric
field (E-field) gradient change by DEP reduced the level of matrix fac-
tors in biofluids, and thereby allowed the detection of the target mo-
lecules. This effect allows biomolecules in plasma to filtrate according
to size: the target protein binds to its antibody in the reaction region.
However, in the plasma, biomolecules of sizes different from that of the
target protein (i.e., matrix factors) are expelled from the region, thereby
reducing the matrix effect. The filtration effect was demonstrated by
measuring the impedance change in the sensor caused by the reaction
of AB monomers in an optimized DEP condition, which was demon-
strated in our previous study (Choi et al., 2007). Furthermore, to ex-
press the influence of the filtration effect more clearly, we defined and
calculated the matrix effect factor (MEF). An interdigitated microelec-
trode (IME) sensor was used, and the filtration effect was verified in
PBS and in standard plasma. Approximately 78.12% MEF was de-
creased by the filtration effect. This reduction discriminated between
two types of plasma samples: plasma from patients with AD and plasma
from the normal controls (NCs) (for each group, n = 10). The im-
pedance change in the plasma sample from patients with AD was mostly
increased by the filtration effect, whereas the changes in the NC plasma
were very minute. This difference was indicated as the disease eva-
luation index, and the average value of the indexes were (expressed as
the mean * the standard deviation) approximately 1.52 + 0.03 and
0.90 + 0.03 in plasma samples extracted from patients with AD and
from the NCs, respectively (p < 0.001; one-way analysis of variance
[ANOVAYI). Our study demonstrated that the filtration effect caused by
the DEP force attenuates the matrix effect in plasma, which subse-
quently allows a clear distinction between samples extracted from pa-
tients with AD and from the NC. Moreover, this study implied that the
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filtration effect may become a vital step toward establishing an easy
and simple plasma-based diagnosis of AD and other severe diseases.

2. Material and methods
2.1. Theory and numerical simulation

In a nonuniform electric field (E-field), the motion of molecules in a
liquid is influenced by two major forces: the DEP force and the drag
force. The strength of the DEP force is described by the intensity of
V|E|?, as follows (Ramos et al., 1998):

FDEP = 27tr3emK(cu)-V|E|2 (1)

where r represents the radius of molecules, ¢, represents the effective
permittivity of liquid, and K(w) represents the Clausius—Mossotti factor.
The drag force is expressed, as follows:

Firag = 6mmev (£) (2

where 5 and v are the dynamic viscosity of liquid and flow velocity,
respectively. Based on Egs. (1) and (2), the motion and consequential
position of molecules can be modified, as follows [Eq. (3)]:

Fpep — Eirag = mea(t)

3

Finite-element models of the DEP experiments were created using
the alternate current/direct current (AC/DC) module of COMSOL
Multiphysics software 5.2 (COMSOL Inc., Burlington, MA, USA). To
confirm the value of V|E|? around the electrodes at the IMEs, 5-ym
wide and 150-nm thick platinum electrodes with 5-um wide gaps be-
tween the electrodes were modified.

2.2. Fabrication and surface functionalization of the IMEs

The IME sensor was produced via a standard micro-electro-
mechanical system (MEMS) process on a 4-in. silicon (Si) wafer. The
sensor was comprised 30 pairs of microelectrode fingers (spacing, 5 um;
length, 300 um). The fabrication process is depicted in Fig. S1 and has
been described previously (Kim et al., 2016). A microsized pattern for a
polydimethylsiloxane (PDMS) (Dowhitech Silicone Co. Ltd., Gyeonggi-
do, Korea) microfluid channel was also fabricated via the MEMS pro-
cess.

The silicon dioxide (SiO,) surface between the IMEs was treated,
based on a previously described protocol (Batteiger and Jones, 1982).
The SiO, surface was activated with 1% (w/v) (3-aminopropyl)trie-
thoxysilane solution (Sigma-Aldrich Inc., Gyeonggi-do, Korea), 2 mM
poly(N-vinylpyrrolidone) in aldehyde end-group solution, 10 mM So-
dium tetrahydridoborate (NaBH,4) (Sigma-Aldrich Inc.), and 1% (w/v)
glutaraldehyde solution (Daejung Chemical and Metals Co., Ltd.,
Gyeonggi-do, Korea). After surface activation, the antibody was im-
mobilized on the SiO, surface for reacting with the target protein. All
antibodies used in the given reaction were diluted to 10 ug/mL in 1 mM
PBS (Corning Korea Co., Ltd., Seoul, Korea) and were covalently reacted
with the activated SiO, surface between IMEs for 1h at 25°C. The
following antibodies were used: purified anti-B-amyloid, 1-16 (6E10)
antibody (BioLegend Inc., San Diego, CA, USA) specifically bound to the
AP monomer, anti-amyloid fibril (OC) antibody (Rockland Im-
munochemicals Inc., Pottstown, PA,USA) specifically bound to Af fi-
brils, antihuman serum albumin antibody (15C7) (Abcam PLC., Cam-
bridge, MA, USA), and antihuman immunoglobulin G (IgG) antibody
(KT131) (Abcam PLC.).

2.3. System setup and analysis

The DEP force was induced by applying a sinusoidal AC, delivered
using a DG4062 Series Wave form generator (Rigol Technologies Inc.,
Beaverton, OR, USA; frequency range, up to 60 MHz; voltage range, up
to 5V). The function generator was connected to a pair of probes (i.e.,
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pads) at the end of the IMEs. The electrode pads were also connected to
an IME sensor analyzer (Cantis Inc., Gyeonggi-do, Korea). A small AC
signal of 10 mV, with a sweep ranging from 10 Hz to 1 MHz, was ap-
plied to the pads for measuring the sensor's impedance. The impedance
of the IME sensor was measured at 50 Hz for 3 min, and the average
impedance value over 30s, after signal saturation, was used as the
output signal. To verify the basic performance of the IME sensor, the
reproducibility, repeatability, and stability of the sensor were analyzed
in PBS (Fig. S2).

2.4. Immunoassay

Protein stocks dissolved in distilled water were diluted using PBS
buffer for detection. Proteins were diluted with 1 mg/mL standard
plasma (P9523) (Sigma-Aldrich Inc.) dissolved in distilled water for the
plasma-based detection. The following proteins were used: AP protein
fragment 1-42, human serum albumin (HSA), and human serum IgG
(all from Sigma-Aldrich Inc.).

Antibody-protein reactions occurred in a PDMS channel attached to
the IME sensor. After immobilization, approximately 20 pL of solution
containing the target protein was injected into the channel.
Antibody-protein reactions took place at 25°C for 20 min, at which
time the DEP force was applied simultaneously under the appropriate
conditions. After the reaction, unbound proteins were washed away
using 1 mM PBS. Antibody-protein interactions were analyzed, based
on the absolute impedance difference, |AZ|, which was calculated as
follows: |AZ| = |(Zafter reaction — Zbefore reaction)l/zbefore reaction X 100.
The Zpefore reaction aNd Zafier reaction Values denote the average values
before and after, respectively, the antibody-protein reactions.

3. Results and discussion
3.1. Matrix effect

The matrix effect is a phenomenon in which a sensor's performance
such as accuracy, limit of detection (LOD), and sensitivity are deterio-
rated by various matrix factors in a buffer (Johansson and Hellenas,
2004). Plasma contains various matrix factors with sizes ranging from a
few kilo-Daltons to several hundred kilo-Daltons (O’Neil, 2012);
therefore, detecting a disease's hallmark protein is difficult. Degrada-
tion in sensor performance because of the matrix effect is a major
limitation of biofluid-based detection techniques (De et al., 2009; Wu

Table 1
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et al., 2016) (Table 1). The influence of this detrimental effect can also
be evaluated by the MEF, as follows (Matuszewski et al., 2003; Wu
et al., 2010):

A — B=MEFx A, (C))

where A and B represent the signal produced by specific binding of
target molecules in each buffer. A is measured in a buffer containing
only the target protein, and B is measured in a buffer containing various
matrix factors and the target protein. Based on the MEF, Eq. (4) can be
modified, as follows:

A—-B

MEF=

-1-2
A

3.2. Dielectrophoresis-based filtration

Owing to the inhomogeneity of an electric field, DEP can be used to
manipulate biomolecules such as proteins. It determines the position of
biomolecules in a given region, based on the relative strength between
two forces: the motive force induced by DEP (i.e., DEP force) and the
drag force caused by the movement of the biomolecules in response to
the DEP force (Kim et al., 2016). If the relative strengths of the two
opposing forces acting on the biomolecules are similar in the region
between the electrodes, the molecules remain between the electrodes.
However, if one of the two forces, especially the DEP force, is dominant,
the molecules are released from the region between the electrodes. The
strength of the DEP force is proportional to the size of the biomolecules
so that the molecules are located in different regions, based on their
type. This phenomenon is verified with the IME sensor (Fig. 1a).

In the IME sensor with inhomogeneous E-field, the DEP force assigns
target molecules and matrix factors larger than the targets to different
regions of the sensor (Fig. 1b). If the force is optimized to situate the
target molecules in a reaction region between the electrodes, which are
immobilized with specific antibodies against target molecules, the
matrix factors are released from the region so that they cannot bind to
the antibody. Thus, only the target molecules bind to the antibody
between the IMEs—the matrix factors and target molecules are filtered
by the DEP force (Fig. 1c). By the selective filtration of the target mo-
lecules and matrix factors, the probability of reaction between the
target molecules and the specific antibodies immobilized in the reaction

The matrix effect in plasma; various types of sensors have a lower performance in plasma because of the matrix effect.

Target Sensor type Buffer Sensor performance
Thrombin Aptamer-based sandwich assay with PBS LOD < 0.5nM
electrochemical detection (Centi et al., 2007)  Serum LOD < 5nM

Sensor response decreased on average by
~ 80%

C-reactive protein Electrochemical sensor (Bryan et al., 2013) PBS with Tween-20 LOD =176 = 18pM

Blood LOD = 322pM
Human chorionic gonadotropin (hCG) and  Surface plasmon resonance (SPR) sensor Tris, ethylenediaminetetraacetic acid LOD = 7 ng/mL for ALCAM,
activated leukocyte cell adhesion (Piliarik et al., 2010) (TENa) 13 ng/mL for hCG

molecule (ALCAM)
Brain natriuretic peptide Reduced graphene oxide (rGO) field effect
transistor (Lei et al., 2017)

Infliximab Fiber-optic SPR sensor (Lu et al., 2017)

a-Fetoprotein (AFP)

immunosensor (Xu et al., 2017)
Glucose Dual enzyme-inorganic hybrid nanoflower
incorporated microfluidic paper-based
analytic device (Zhu et al., 2017)

Magnetic nanoparticle-based electrochemical

Diluted blood plasma LOD = 45ng/mL ALCAM,
100 ng/mL for hCG

PBS LOD = 100 fM

Whole blood LOD = 50nM

Diluted serum LOD = 1.42ng/mL
Diluted plasma LOD = 1.00 ng/mL

Diluted whole blood LOD = 1.34ng/mL

PBS LOD = 0.072ng/mL

Whole blood Evaluated from the response to 20 ng/mL
AFP

Ultrapure water LOD = 25uM

Whole blood Detection of glucose in the whole blood

with concentrations of 2.8-14.4 mM

PBS, phosphate-buffered saline; LOD, limit of detection.
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Fig. 1. Plasma-based biomolecule quantification method. (a) A chip comprising six arrays of interdigitated microelectrode (IME) sensors for the plasma-based
quantification of biomolecules. (b) The IME sensor can detect a target molecule effectively by the filtration effect caused by the dielectrophoresis (DEP) force. (c) The
DEP force expels from the sensing region nonspecifically absorbed matrix factors that are larger than the target molecules. The target molecules remain between the
electrodes in the sensing region and, consequently, only the remaining molecules are quantified by the IMEs. (d) The filtration effect decreases the impedance change
of the IME sensor because of specific binding, while increasing the change owing to the specific binding of target molecules. The solid and dashed lines represent the
impedance change in the reaction conditions with and without the filtration effect, respectively. The red and black lines indicate the impedance changes due to
specific binding of target molecules and nonspecific binding of matrix factors, respectively. (e) Plasma consists of molecules of various sizes. These molecules are
influenced by different forces. The intensity ratio of each force was calculated, based on the intensity of the force applied to the amyloid beta (AB) monomer. C4BP,
complement component 4 binding protein; CR1, complement receptor 1; DAF, decay-accelerating factor; HSA, human serum albumin; IgG, immunoglobulin G; MCP,
monocyte chemoattractant protein; ORM, orsomucoid; apo A-I, apolipoprotein Al; apo A-II, apolipoprotein A2.

region increases. As a consequence, the impedance change by their
specific binding increases, whereas the impedance change by non-
specific binding of matrix factors decreases (Fig. 1d). In our study, we
define this phenomenon as the filtration effect.

For quantification of plasma AB monomers, only the A} monomer
should be in the reaction region and various matrix factors should be
filtered from the region by an optimized DEP force, which situates the
AP monomers in the reaction region. Previous studies have indicated
that an E-field intensity of approximately 10'°® V2/m?® is required to
concentrate the AR monomer (Kim et al., 2016). The DEP force is
proportional to the cube of a protein's size; therefore, proteins larger
than the AR monomer are exposed to a relatively stronger force than the
AP monomer in an E-field of the same intensity (Bieschke et al., 2011).
Differences in these effective forces enable protein filtration. The size
can be calculated using Erickson's equation (Erickson, 2009). Based on
intensity of the optimized DEP force on the AP monomer, the relative
intensities of the DEP force that affect various matrix factors in plasma
are expressed as the effective force (i.e., intensity ratios for the opti-
mized force on the AP monomer) (Fig. 1e). For protein sizes below
3nm, the effective force fell below 20 a.u. (transferrin), whereas the
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force rapidly increased up to 120 a.u. when applied to proteins larger
than transferrin. The different intensities of the effective force obtained
for various matrix factors signified that AR monomers are sufficiently
filtered from the plasma's matrix factors.

3.3. Verification of the filtration effect

In general, the sensitivity of a sensor is its ability to detect a signal
change, based on the concentration of target molecules; it inevitably
decreases in plasma containing various matrix factors that interfere
with the specific binding of target molecules. Therefore, the efficiency
of the filtration effect is evaluated by the sensitivity and MEF, which
increase and decrease, respectively, with highly efficient filtration.

The sensitivity of AR monomer quantification was lower for plasma
than for PBS (Fig. 2a). To ascertain the influence of the matrix on sensor
sensitivity, AR monomer was quantified at concentrations ranging from
100 fg/mL to 100 pg/mL (Fig. S3). Impedance changes were approxi-
mately 1.19 * 0.38 in PBS containing the AB monomer and
0.55 = 0.07 in plasma containing various matrix factors and the Af
monomer (the values are expressed as the mean *+ the standard
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Fig. 2. Verification of the filtration effect due to the dielectrophoresis (DEP) force. The matrix effect causes the decline of the sensor's performance can be decreased
by the filtration effect of DEP force. (a) Decreased performance in the interdigitated microelectrode (IME) due to the matrix effect was confirmed by assessing sensor
sensitivity in two types of reactions: phosphate-buffered saline-based and plasma-based. (b) Impedance changes due to specific binding between various molecules
(amyloid beta [AB] monomer, human serum albumin [HSA], and immunoglobulin G [IgG]) and their specific antibodies, and (c) due to two types of binding with
6E10 in mixture without (w/0) and with (w/) A monomer were measured according to the effect of filtration. (d) The matrix effect factor (MEF) value for the two
types of reaction conditions were calculated. The value decreased due to the filtration effect. (e) The impedance changes due to two types of binding with 6E10 in
plasma without and with the AR monomer were also measured, based on the filtration effects. (f) The decreased MEF value due to filtration was verified.
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Fig. 3. Demonstration of the filtration effect, based on the heterogeneity of beta-amyloid (AB). The A monomer can be fibrillized, depending on the incubation time.
(a) The AB monomer and the fibrillized AP after incubation. (b) The ratio of monomeric and fibrillar A in two types of buffers, based on the corresponding range of
length, was analyzed. The fibrillized A level indicates whether the AR monomer in the buffer is undergoing fibrillization. (c) The fluorescence intensities of each AR
monomer and fibril were analyzed, based on the duration of the applied dielectrophoresis (DEP) force. (d) The impedance change during AP detection in 1 mM
phosphate-buffered saline is measured with (w/) and without (w/o) the filtration effect. The reaction between two types of antibodies and three types of solutions
causes diverse changes in impedance, based on their binding caused by the DEP force. (e) Matrix effect factors are calculated, based on the filtration effects.

deviation). These results demonstrated that the sensitivity of the sensor
was reduced by 54.33% because of the matrix effect in plasma, com-
pared with PBS.

To confirm the filtration effect, an immunoassay of the specific
binding of three types of biomolecules was performed under two
binding conditions: with and without the filtration effect (Fig. 2b). The
molecules were the Af monomer; the plasma matrix proteins HAS and
immunoglobulin G (IgG); and T, which is an abundant matrix factor in
plasma. The concentration of each protein in PBS were the same at
10 pg/mL (Kratochwil et al., 2002). The reaction between the biomo-
lecules and their specific antibody disturbs the E-field formed between
the electrodes. Therefore, the impedance change increases as the

reaction between the molecules and antibody increases. The impedance
change caused by the specific binding of the AR monomer was ap-
proximately 2.34% =+ 0.12% (n = 4), and improved to approximately
3.21% = 0.27% (n = 3) by the filtration effect. By contrast, filtration
reduced the impedance change for HSA and IgG. The impedance
changes because of the binding of HSA and IgG were approximately
3.56% = 0.04% (n = 3) and 2.53% * 0.10% (n = 3) without filtra-
tion, and approximately 1.68% =+ 0.24% (n = 3) and 1.58% = 0.27%
(n = 3) with the filtration effect. These results indicated that the HSA
and IgG were expelled from the reaction region by the filtration effect,
which resulted in the decreased reaction probability of HSA and IgG.
The impedance changes because of nonspecific binding between
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antibody and biomolecules were not associated with the filtration effect
(Fig. S4).

The filtration effect was further verified in a buffer containing three
or more different biomolecules. The surface of the sensor was functio-
nalized only with the 6E10 antibody, and two types of mixing buffer
were used: one buffer consisted of HSA and IgG acting as the matrix
factors and the other buffer consisted of Af monomer, HAS, and IgG
(Fig. 2¢).

The concentrations of the A monomer, HSA, and IgG in PBS were
10 pg/mL each, and the conditions were the same as those presented in
Fig. 2b. In a buffer consisting only of matrix factors, the absorption
between the immobilized antibody and matrix factors was suppressed
by the filtration effect, and the impedance change was decreased. The
changes were approximately 1.52% = 0.10% (n=5) and
1.32% =+ 0.15% (n = 4) without and with the filtration effect, re-
spectively. The impedance change in the solution containing the Af
monomer, HSA, and IgG was enhanced by the filtration effect; the
change was approximately 1.71% = 0.07% (n=12) and
3.16 + 0.60% (n = 12) without and with the effect, respectively. Thus,
the MEF values for detecting the AR monomer in the matrix buffer
containing HSA and IgG were reduced by approximately 52.87% (from
0.89 to 0.42) by the filtration effect. The matrix effect was alleviated by
effectively filtering HSA and IgG (Fig. 2d). Furthermore, the findings
implied that the matrix effect was much more effective in a complicated
buffer containing various matrix factors such as plasma and urine.

Plasma contains various types of matrix factors that interfere with
the specific binding of the A monomer. Therefore, the actual values of
detection sensitivity and accuracy measured in plasma should be lower
than those measured in PBS, whereas filtration should be stronger in
plasma than in PBS. To demonstrate the filtration effect in plasma, the
impedance changes occurring because of the reaction between the 6E10
antibody and the biomolecules in two types of plasma (1 mg/mL) with
and without the AR monomer (10 pg/mL) were measured (Fig. 2e). The
applied voltage and frequency conditions for generating the filtration
effect were also the same as previously described. In plasma without the
AB monomer, filtration decreased the impedance change from ap-
proximately 4.24% = 0.91% (n = 12) to 1.76% = 0.60% (n = 12). In
plasma containing A} monomers, the filtration effect enhanced the
change in impedance, and the changes were approximately
4.34% = 0.73% (n =9) and 8.25% = 0.41% (n = 12) without and
with the filtration effect, respectively.

Quantitative analysis was also conducted by using the respective
values of the MEF to subtract the impedance change caused by the
absorption from the impedance change measured for the plasma con-
taining the AB monomer (Fig. 2f). The filtration effect significantly
lowered the MEF value from approximately 0.97 to 0.21. The decreased
ratio of the MEF caused by filtration was approximately 78.12%, which
was higher than the ratio measured in PBS. These findings demon-
strated that the filtration effect is more potent in plasma.

3.4. The filtration effect, based on the heterogeneity of A3

The status, progression, and prognosis of AD can be determined
from the level of AB, especially A monomers; therefore, it is important
to filter the monomeric AP from among the various types of Afs and
quantify the filtrated Ap monomers in plasma. To verify the detect-
ability of Ap monomers, based on their heterogeneity, various struc-
tures of the Afs were synthesized, and the impedance change by the
immune-reaction was analyzed in the presence of the filtration effect. A
fibrillogenesis-based process was used to control the AP structure,
which allowed the AP monomers to develop into larger and more
complex AP fibrils over time. Changes in structure were confirmed by
measuring the change in impedance for reactions involving the
monomer-specific antibody 6E10 and fibril-specific antibody OC.
Furthermore, the change in structure was verified via photo-induced
cross-linking of unmodified proteins. The structure of AP before and

Biosensors and Bioelectronics 128 (2019) 166-175

after fibrillogenesis was observed using fluorescence microscopy
(Figs. 3a and S5). The details of the information are described in the
Supplement. In these images, A monomers appeared blurry because of
their small size, whereas wire-shaped fibrils were clearly visible; this
finding was similar to the findings reported in previous studies
(Bieschke et al., 2011).

After fibrillogenesis, most AR monomers were below 0.5um in
length, whereas only approximately 4.51% of the A} monomers ranged
0.5-1.0 ym in length. By contrast, most AP fibrils were greater than
0.5 um in length (Fig. 3b). The percentage of Af fibrils in each length
range was as follows: less than 5 um, approximately 6.58%; 0.5-1.0 um,
approximately 33.33%; 1.0-3.0 um, approximately 46.49%; and more
than 3 pum, 13.61%. The findings demonstrated that AP fibrils were
subjected to an effective force that was more than six times larger than
the force applied to A} monomers in the same DEP condition; therefore,
only A monomers remained in the reaction region.

The expected effective force was deduced, based on differences in
length only; the actual effective force applied to the fibrils may have
been greater (1) because the actual size of AR monomers is smaller than
the observed value (Giuffrida et al., 2009) and (2) because of the ob-
served increase in AP fibril radius. The difference in the effective force
permitted the filtration of Ap monomers and fibrils. This action was
confirmed, based on the intensity of fluorescence relative to the length
of time of the DEP force (Fig. 3c). The intensity of fluorescence within
the reaction region was measured between IMEs. Fluorescence in-
tensities were expressed relative to the intensity measured in the re-
ference condition (i.e., DEP force duration = 0s). The intensities of Ap
monomers were approximately 0.98 = 0.03, 1.20 * 0.03, and
1.40 + 0.04, whereas those of AP fibrils were approximately
0.98 = 0.02,1.07 = 0.02, and 1.08 * 0.03 at 60s, 120, and 180s,
respectively. These findings demonstrated that A} monomers were si-
tuated in the reaction region because of the filtration effect of the DEP
force, whereas the AP fibrils were not in this region.

The filtration effect was also verified by measuring the impedance
change in various reaction conditions using two types of antibodies
(6E10 and OC) and three types of target solutions (Fig. 3d). Target
solutions were chosen, based on the volume ratio of the A fibril and A
monomer solutions (V¢/Vy,), and expressed as monomer (V¢/Vy,, = 0/1),
monomer + fibril (V¢/V, = 1/1), and fibril (V¢/V,, = 1/0). Greater
changes in impedance associated with AR monomer binding were ob-
served in the condition with the filtration effect than in the control
condition without the filtration effect (i.e., 6E10 antibody in the
monomer region). Greater changes in impedance associated with A
fibril binding occurred under the conditions without the filtration effect
(i.e., OC antibody in fibril region).

Changes in specific binding of the AR monomers were approxi-
mately 2.95% * 0.42% (n = 7) and 5.07% =* 0.24% (n = 6) without
and with the filtration effect, respectively. Changes in specific binding
of AP fibrils were approximately 3.98% = 0.33% (n=8) and
1.56% =+ 0.54% (n = 7) without and with the effect, respectively.
These results indicated that specific binding of antibodies to proteins
was influenced by the filtration effect.

By contrast, the filtration effect was insignificant in the nonspecific
binding conditions (i.e., AR monomer to OC antibody in the monomer
region; AP fibril to 6E10 antibody in the fibril region). Changes in
impedance for AB monomer reactions were approximately
1.63% *= 0.56% (n=6) and 1.61% = 0.42% (n = 5) without and
with the filtration effect, respectively, whereas changes for AP fibril
reactions were approximately 2.68% = 0.07% (n=6) and
2.15% = 0.13% (n =5) without and with the filtration effect, re-
spectively. The filtration effect also occurred in a buffer containing both
AP monomers and fibrils. The effect was quantified by calculating the
MEF, and was confirmed by measuring the change in impedance in the
monomer + fibril region. An approximately 2.5-fold increase in im-
pedance change due to the DEP force occurred for immobilized 6E10
antibody: approximately 1.83% = 0.46% (n=26) and
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Enhancement of the sensitivity measured in standard plasma versus that measured in 1 mM phosphate-buffered saline (PBS) buffer. (c) Decreased matrix effect factor
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are indicated by P-values (one-way analysis of variance [ANOVA]) and by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.

459% =+ 0.51% (n = 4) without and with the filtration effect, re-
spectively. A decrease in the impedance change due to the filtration
effect occurred for immobilized OC antibody: approximately
2.98% *+ 0.55% (n=6) without the filtration effect and
2.11% = 0.64% (n = 8) with the effect.

Based on these values, we calculated the MEF by using Eq. (2). The
MEF values were approximately 0.38 and 0.09 without and with the
filtration effect, respectively (Fig. 3e). An approximately 75.43% de-
crease in the MEF indicated that AP can be sufficiently sorted structu-
rally by the filtration effect.

3.5. The filtration effect in PBS and standard plasma and patient plasma for
detecting Af

First, the impedance change by specific binding of AR monomer at
various concentrations was measured in two types of buffer: PBS and
standard plasma (1 mg/mL) without and with the filtration effect
(Fig. 4a). The concentration of AR monomer in the buffer ranged from
10 fg/mL to 1 ng/mL. The impedance change measured in PBS without
the filtration effect was approximately 2.06% = 0.17% (n = 6),
2.03% = 0.33% (n =5), 2.44% = 0.11% (n =5), 3.29% = 0.38%
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(n=6),5.81% *+ 0.43% (n = 5), and 1.63% = 0.17% (n = 4), based
on the concentration of the Af monomer. The change was improved by
the filtration effect by approximately 1.65% = 0.25% (n = 6),
2.40% = 0.17% (n = 6), 3.53% = 0.19% (n = 4), 5.99% * 0.57%
(n=4),819% =+ 0.56% (n = 5), and 2.78% = 0.05% (n = 4), based
on the concentration of the AR monomer. An enhancement in the im-
pedance change caused by the filtration effect also occurred when de-
tecting Af monomer in plasma. The magnitude of the impedance
change improved by at least 2%.

The impedance change measured in plasma without the filtration
effect was approximately 3.52% = 0.49% (n = 8), 3.69% = 0.70%
(n=13), 394% * 0.56% @m=09), 434% = 0.73% (n=29),
5.17% = 0.25% (n = 4), and 4.05% =+ 0.69% (n = 6). The filtration
effect improved the values to approximately 5.79% = 0.76% (n = 7),
6.16% = 0.23% (n = 8), 6.94% = 0.17% (n =5), 8.25% *= 0.41%
(n =12), 9.77% = 0.25% (n = 12), and 11.36% = 0.32% (n = 10),
respectively, for each AR monomer concentration.

In addition, the impedance variations that occurred because of
nonspecific binding were analyzed to demonstrate the LOD of the
sensor (Fig. S6). These impedance variations, which were considered
the noise signal, were approximately 2.04% *+ 0.14% (n = 6) and
1.41% = 0.10% (n = 7) in PBS, and approximately 4.24% =+ 0.60%
(n =6) and 1.76% = 0.30% (n = 7) in plasma, based on the filtration
effect. These findings indicated that the filtration effect lowered the
LOD in PBS from 100 fg/mL to 10 fg/mL and the LOD in plasma from
10 pg/mL to 100 fg/mL. The fact that the LOD value was more greater
in plasma than in PBS indicated that the filtration effect was more ef-
ficient in plasma than in PBS. The efficiency of the filtration effect was
also confirmed by the enhanced sensitivity values in each buffer. These
results demonstrated a linear correlation between the concentration of
AB monomer and normalized impedance change, based on linear re-
gression analysis. (The linear equation is y = Intercept + Slope X Xx;
the value of the slope signifies the sensitivity of the sensor for A
monomer reaction.) The values verified the conditions without and
with the filtration effect were approximately 1.19 = 0.38 and
1.70 + 0.31, respectively, in PBS buffer and were approximately
0.55 = 0.07 and 1.23 = 0.14, respectively, in plasma.

Various matrix factors in plasma hindered the specific binding of A
monomer to 6E10 antibody. Therefore, the sensitivity values verified in
plasma were reduced, regardless of the filtration effect. However, the
enhanced ratio of sensitivity due to the filtration effect measured in
plasma was higher than that measured in PBS; the ratios were ap-
proximately 1.42 and 2.25, respectively (Fig. 4b). Based on their sen-
sitivities, the MEF values were calculated to be approximately 0.54 and
0.28 in the reaction conditions without and with the filtration effect,
respectively (Fig. 4c). Approximately 49.32% of the MEF was de-
creased. This finding indicated that the matrix effect was effectively
alleviated by the filtration effect.

The impedance change due to the filtration effect was analyzed in
plasma samples drawn from patients with AD and from the NCs (for
each group, n = 10). The average impedance change in the AD patients’
plasma was approximately 4.33% = 0.26% without filtration and
6.56% = 0.49% with filtration (Fig. 4d). By contrast, the average im-
pedance change was approximately 5.50% * 0.93% and
5.74% = 0.87% without and with filtration, respectively, of the
plasma of the NCs. These impedance changes in the two plasma types
showed a significant tendency of differential the filtration effect. When
impedance changes were tracked over two reaction con-
ditions—without or with the filtration effect—the changes in im-
pedance increased after the filtration effect in the AD patients’ plasma,
whereas most changes in impedance decreased after the filtration effect
in NC plasma. This finding was verified by calculating a disease eva-
luation index that removed the matrix effect (Fig. 4e). In Fig. 4e, the
values of impedance change in the AD and NC plasma are depicted as
red and dark green diamonds, respectively, and the average value of
these changes are depicted in a column. The index represents the ratio
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of impedance change between conditions without and with the filtra-
tion effect. A value greater than “1” signifies that Af reacted more with
the specific antibody because of the filtration effect, which decreased
the matrix effect. Thus, the results indicated that AP in the AD patients
plasma was detected more efficiently because the matrix effect was
alleviated by the filtration effect. By contrast, Ap in NC plasma was only
slightly affected by the filtration effect because the NCs had low levels
of APB. The average values of the disease evaluation index were ap-
proximately 1.52 * 0.03 and 0.90 = 0.03 in the plasma of AD pa-
tients and the NCs, respectively (p < 0.001). These findings indicated
that the filtration effect caused by the DEP force attenuates the matrix
effect in plasma, and subsequently allows a clear distinction between
the plasma of patients with AD and NCs. Moreover, this study indicated
that the filtration effect may become a vital step toward an easy and
simple plasma-based diagnosis of AD and other severe diseases.

4. Conclusion

In this study, we developed a novel method of protein quantification
in a biofluid by using the filtration effect induced by the DEP force and
demonstrated the potential application of this method for the early
diagnosis of AD. First, the optimized force required to filter the AP
monomer was calculated by simulation and applied to detect the A
monomer for verifying the filtration effect. As a result, the filtration
effect increased the impedance change because of the specific binding
of the AP, whereas the filtration effect decreased the impedance change
because of nonspecific binding. Based on the impedance change, the
MEF value was calculated. We verified that all values decreased.
Second, AP} monomers were quantified in PBS and in standard plasma,
and the MEF values were consequently calculated as approximately
0.54 and 0.28 without and with the filtration effect, respectively. The
findings indicated that the filtration effect facilitates highly selective
quantification of the Ap monomer, regardless of the buffer type.

We also demonstrated that the filtration effect increased changes in
impedance in AD plasma, whereas most values decreased in the NC
plasma samples. These changes were verified with the disease evalua-
tion index, which removed the matrix effect, based on the average
values of the index in the NC and AD plasma samples. The index values
were approximately 1.52 = 0.03 and 0.90 + 0.03, respectively
(p < 0.00001). These findings indicated that the filtration effect can
overcome the limits of A monomer quantification in real plasma by
alleviating the matrix effect, and can allow NC and AD plasma samples
to be distinguished. Our research demonstrated the possibility of simply
and easily diagnosing AD based on thelevel of AP protein in the plasma
and indicated that the filtration effect can be utilized for making a
plasma-based diagnosis of other severe diseases.
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