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Detection of a-Thrombin with Platelet Glycoprotein Iba (GP1ba) for
the Development of a Coagulation Marker
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ABSTRACT: The detection of prothrombotic markers is crucial for under-
standing thromboembolism and assessing the effectiveness of anticoagulant drugs. A&
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a-Thrombin is a marker that plays a critical role in the coagulation cascade C 1
process. However, the detection of this enzymatic molecule was hindered by the a-thrombi N
absence of an efficient modality in the clinical environment. Previously, we Gp'b‘;@’)w@ zé?e ==p SPRassay
reported that one a-thrombin interacts with two a-chains of glycoprotein Ib =5 Nepiba —

(GPIba), i.e., multivalent protein binding (MPB), using bioresponsive hydrogel ] 20 %
nanoparticles (nanogels) and optical microscopy. In this study, we demonstrated 'p , 'Aggregation ',1.\,, .

that GPIba-mediated platforms led to the highly sensitive and quantitative i assay i N\
detection of a-thrombin in various diagnostic systems. Initially, a bioresponsive

nanogel-based surface plasmon resonance (nSPR) assay was developed that responds to the MPB of a-thrombin to GPIba. The use
of GPIba for the detection of a-thrombin was further validated using the enzyme-linked immunosorbent assay, which is a gold-
standard protein detection technique. Additionally, GPIba-functionalized latex beads were developed to perform latex agglutination
(LA) assays, which are widely used with hospital diagnostic instruments. Notably, the nSPR and LA assays exhibited a nearly 1000-
fold improvement in sensitivity for a-thrombin detection compared to our previous optical microscopy method. The superiority of
our GPIba-mediated platforms lies in their stability for a-thrombin detection through protein—protein interactions. By contrast,
assays relying on a-thrombin enzymatic activity using substrates face the challenge of a rapid decrease in postsample collection.
These results suggested that the MPB of a-thrombin to GPIbe is an ideal mode for clinical a-thrombin detection, particularly in

outpatient settings.

1. INTRODUCTION

Measurement of a@-thrombin in clinical practice is highly
beneficial for the treatment of thrombosis and embolism
initiated by blood clot formation. @-Thrombin is produced by
the proteolytic cleavage of prothrombin, which is initiated
during the clotting process. This serine protease plays an
important role in blood coagulation by converting fibrinogen
to fibrin monomers and activating factor XIII for polymer-
ization, resulting in the trapping of red blood cells and
platelets." Such characteristics of a-thrombin in the clotting
cascade render this enzyme a candidate marker for hyper-
coagulability.” Currently, the D-dimer test is used as a
diagnostic standard for determining blood clotting disorders;’
however, it is mainly recommended to exclude the possibility
of thrombotic diseases with a negative result. Prothrombin
time with an international normalized ratio (PT/INR) and
activated partial thromboplastin time (aPTT) are also
measured to assess the risk of stroke, systemic embolism,
and b1e<>.ding.4_8 However, both methods are unsuitable for
accurate and timely prediction of thrombotic disorders because
they measure the resulting coagulation time rather than
molecular markers. Therefore, rapid and sensitive detection
of a-thrombin in patients is urgently needed.
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Application of new modalities like as electronic modulation
is typically adopted in materials science,’” and meanwhile,
employment of new binding modes in sensing methods can
revolutionize clinical practices. For decades, the potential
function of a-thrombin involving the a-chain of glycoprotein
Ib (GPIba) has been investigated. At sites of vascular injury,
the binding of platelet glycoprotein Iba (GPIba) to the von
Willebrand factor (VWEF) Al domain leads to positive
feedback-driven recruitment of circulating platelets, thereby
initiating hemostatic plug formation.'”" @-Thrombin has
been revealed to have two distinct binding sites to GPIba with
high (exosite II) and moderate (exosite I) affinities, as
demonstrated by various methods, including isotope-labeled
competition assays, X-ray crystallography, surface plasmon
resonance (SPR) analysis, etc.'o7"? Although the functional
importance of their binding in the context of clot formation is
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controversial, GPIba dimerization via a-thrombin was

confirmed by X-ray crystallography and biochemical as-
Says.l7]26

Previously, we demonstrated an optical imaging method that
allowed direct observation of GPIba dimerization induced by
a-thrombin binding,26 This method, which relies on receptor-
functionalized nanogels, contributed to our understanding of
receptor multimerization and can be used for the detection of
ligands via specific multivalent protein binding (MPB).
However, microscopic imaging lacks sensitivity for the accurate
quantification of target molecules and requires sophisticated
instrumentation. To overcome these limitations, bioresponsive
nanogels have been employed as sensing platforms in surface
plasmon resonance (SPR) analysis to investigate the MPB of
programmed cell death protein 1, interleukin-2 (IL-2) receptor
a, and the receptor-binding domain of severe acute respiratorg
syndrome coronavirus 2 (SARS-CoV-2) to their ligands.””

Herein, we developed biochemical assays using an MPB
modality for the demonstration of a@-thrombin detection,
aiming for the early diagnosis of thromboembolism and
preemptive treatments of those patients. Upon a-thrombin
binding, the GPIba-functionalized platform forms a cross-
linked network, thereby leading to changes in properties such
as refractive index (RI). First, SPR analysis was conducted to
measure the a-thrombin concentration using the nanogel as
the sensing platform. A standard or a preincubation protocol
was performed to determine the optimal experimental
configurations for SPR signal intensification. For comparison,
an enzyme-linked immunosorbent assay (ELISA) was also
performed. To demonstrate whether MPB-sensing platforms
are useful for the detection of @-thrombin in an outpatient
setting, GPIba-functionalized latex beads were tested for latex
agglutination (LA) assays using dynamic light scattering (DLS)
analysis and ultraviolet—visible (UV—vis) spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were used as received unless
otherwise mentioned. N-Isopropylacrylamide (NIPAm),
acrylic acid (AAc), N,N’-methylenebis(acrylamide) (BIS),
ammonium persulfate (APS), poly(oxyethylene) sorbitan
monooleate (Tween 80), N-hydroxysuccinimide (NHS), 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), cys-
teamine, Na,Na-bis(carboxymethyl)-L-lysine hydrate (NTA),
and nickel(IT) chloride were purchased from Sigma-Aldrich
(St. Louis, MO). Phosphate-buffered saline (PBS) was
purchased from Welgene (Gyeongsan, Korea). 2-(N-
Morpholino)ethanesulfonic acid (MES) was obtained from
Biosolution (Seoul, Korea). 6-His-tagged GPlba was pur-
chased from Abnova (Taipei City, Taiwan). a-Thrombin was
purchased from Haematologic Technologies, Inc. (Essex
Junction, VT).

2.2. Synthesis of Hydrogel Nanoparticles (Nanogels).
Hydrogel nanoparticles with a molar composition of 88%
NIPAm, 10% AAc, and 2% BIS were synthesized via aqueous
free-radical precipitation polymerization. NIPAm and BIS were
dissolved in deionized water, followed by the addition of
Tween 80. The mixture solution was then heated to 70 °C and
purged with nitrogen gas. After 1 h, AAc was added to the
mixture, which was then maintained under nitrogen for 10
min. To initiate the reaction, 1 mL of a 2 mM APS solution
was added to the mixture. The reaction was performed for 6 h
at 70 °C under nitrogen purging. The polymerized nanogel was
purified by dialysis (Spectra-Por Dialysis Tubing, MWCO S0

kDa; Spectrum Laboratories, Inc., Piscataway, NJ) against
deionized water for 3 days. Chemical and morphological
characterizations of the nanogel were performed by 'H nuclear
magnetic resonance (NMR) spectroscopy (Figure S1) and
atomic force microscopy (AFM) (Figure S2), respectively.

2.3. Nuclear Magnetic Resonance (NMR) Spectrosco-
py. 'H NMR spectra were recorded using a Bruker Avance III
400 MHz spectrometer (Bruker, Karlsruhe, Germany). Data
analysis was performed with the TopSpin 3.5 Software. NMR
samples were prepared by dissolving S mg of NHs in 500 uL of
DMSO-dg.

2.4, Atomic Force Microscopy (AFM). The surface
morphology of the microgel-modified SPR sensor chip was
characterized by atomic force microscopy (AFM) (Park
Systems, NX-10) in air. The images were acquired in a 2.5
X 2.5 um® area at a scan rate of 0.5 Hz with 256 scan points
and lines in the noncontact mode.

2.5. SPR Analysis. The lyophilized nanogel was diluted
100 times with MES buffer (pH 5.5, 0.1 M) for 30 min.
Subsequently, 60 uL of the diluted nanogel solution was mixed
with 10 yL of EDC (20 ug/uL in MES buffer) and 10 yL of
NHS (40 pug/uL in MES buffer) and incubated for S min. A
total of 20 uL of the GPIba solution was added to the mixture
to obtain a protein concentration of 1 uM, followed by
incubation for 40 min. The mixture was centrifuged at 8000
rpm for 5 min. The supernatant was removed, and the
concentrate was mixed with 100 L of PBS. The centrifugation
and mixing steps were repeated three times. The functionalized
nanogels were stored at 4 °C.

To prepare the measurement and reference channels, gold
sensor chips were cleaned with distilled water and treated with
a 40 mM cysteamine aqueous solution for 30 min, followed by
vacuum suction until completely dried. The activated sensor
chip was loaded onto an imSPR system (iCluebio, Seongnam-
si, Korea). The measurement and reference channels were
injected with the corresponding nanogel solution (MES buffer)
at a flow rate of 30 uL/min for 3 min. The unreacted nanogels
were washed out by running the PBS buffer for S min. For SPR
measurement, a-thrombin was diluted in PBS buffer at various
concentrations and injected into the channels at a flow rate of
30 uL/min for 90 s, and the dissociation time was 120 s. The
sensorgram was recorded by using the embedded imSPR-min
software.

2.6. Ni-NTA-Mediated SPR Analysis. Lyophilized nano-
gels were diluted 100 times with MES buffer (pH .5, 0.1 M).
Subsequently, 60 uL of the diluted nanogel solution was mixed
with 10 yL of EDC (20 ug/uL in MES buffer) and 10 L of
NHS (40 pug/uL in MES buffer) and incubated for S min. A
total of 20 uL of the NTA solution was added to the mixture to
obtain a concentration of S mM NTA, followed by incubation
for 40 min. The unreacted EDC, NHS, and NTA were
removed by repeated centrifugation and resuspended in a PBS
buffer. A NiCl, solution was added to obtain a final
concentration of 0.5 mM and to form Ni-NTA nanogels.
The functionalized nanogels were stored at 4 °C.

As in the previous SPR analysis, measurement and reference
channels were created in the SPR instrument. These channels
were injected with the Ni-NTA nanogel solution and washed
with PBS to remove the unreacted nanogels. For SPR
measurements, a-thrombin was diluted in PBS buffer at
various concentrations and mixed with the GPIba solution for
preincubation. Subsequently, the mixture was injected into the
channels at a flow rate of 30 uL/min for 90 s, and the
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Figure 1. SRP analysis of GPIba-functionalized nanogels in response t
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o a-thrombin binding reveals that MPB provides a path for a-thrombin

detection. (a) (Left) Molecular structure of the a-thrombin—GPIba complex reconstructed by X-ray crystallography showing MPB. (Right)
Schematic showing that the GPIba-functionalized nanogel undergoes deswelling and changes in its RI in response to @-thrombin binding, whereas
the neat nanogel does not. (b) RU curves of the GPIba-functionalized nanogel (left), neat nanogel (middle), and the difference between the curves

(right) in response to 10 nM (pink), S0 nM (purple), 100 nM (blue), 20
a-thrombin flow. (c) RU,,,, (blue square) and RU,;, values (red square

0 nM (green), 300 nM (light green), S00 nM (yellow), or 1000 nM (red)
) of the GPIba-functionalized nanogel (left), neat nanogel (middle), and

the difference between these values (right). Fitting lines with the Langmuir model are also plotted for RU,,,, (blue line) and RU,;, (red line).

dissociation time was 120 s. For the reference channel, a
GPIba solution without a@-thrombin was injected. The
sensorgram was recorded using the embedded imSPR-min
software.

2.7. DLS Analysis. The hydrodynamic diameter of the
nanogels was measured at a detection angle of 173° using a
Zetasizer Pro (Malvern Instruments, Worcestershire, U.K.),
equipped with a 633 nm He—Ne laser. Measurements were
performed at 25 °C with deionized water as a dispersant in
disposable polystyrene (PS) cuvettes.

2.8. ELISA Analysis. The GPIba stock solution (250 ug/
mL) was diluted with PBS buffer to various concentrations.
Each GPIba solution (50 uL) was added to a Ni-NTA plate
(Qiagen, Venlo, Netherlands), followed by overnight incuba-
tion at 4 °C. The plate was rinsed three times with 200 uL of
PBS and incubated with 100 L of 1% bovine serum albumin
for 30 min at room temperature (20—25 °C, RT). After the
removal of the blocking buffer, the plate was filled with 50 uL
of the a-thrombin solution at various concentrations, followed
by incubation for 1 h at RT. Subsequently, the wells were

13420

rinsed three times with the washing buffer. For labeling of the
captured a-thrombin, 50 uL of biotinylated primary antibody
(Novus Biologicals, Centennial, CO) was added to the wells,
followed by incubation for 1 h and five rinses. The wells were
then treated with peroxidase-conjugated streptavidin (Novus
Biologicals), followed by a 30 min incubation and five rinses.
To generate the absorption spectra, 50 yL of the chromogen
substrate was added to each well, followed by incubation for 10
min. The absorbance was measured at 570 nm at this point,
and the absorbance at 450 nm was measured after the addition
of 50 uL of the stop solution using a UV—vis microplate
spectrophotometer (SpectraMax iD3, Molecular Devices, LLC,
San Jose, CA).

2.9. Latex Agglutination (LA) Analysis. A total of 100
uL of PS beads (2.5% w/v, 0.1—0.2 pm; Spherotech, Inc., Lake
Forest, IL) was centrifuged at 13,000 rpm for 20 min at 20 °C,
resuspended in 200 yL of MES buffer (pH S.5, 0.1 M), and
centrifuged at 13,000 rpm for 20 min at 20 °C. Subsequently,
25 uL of EDC (100 mg/mL) and 25 uL of SO mM NTA were
added to the PS solution and incubated for 1 h at RT. The

https://doi.org/10.1021/acsomega.4c00010
ACS Omega 2024, 9, 13418—13426


https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(@

a-thrombin Sample

-
> 2

\
§
b
fa
§
1
|
fo

Ni:NTA gel ; <

GPlba

@
@
id
@
W@
@
@
F@

Reference

(b) (c) (d)

25 nM GP1ba 50 nM GP1ba 50 nM GP1ba (0.1X plasma)
1000 1000 3000 -
=]
800 800 4 o 2500 4
o o
o 000 4
x 600 o . 600{5% o ° L2 o o o
> o = ¢ 1500 -
x 4004 9 g X 400 x
¢ o 1000 -
8 ¢ ) O Sample gel
200 4 200 - 500 4 O Ref. gel
0 T T T T 0 T T T T 0 T T T T
400 - 400 4 6001
500 o
300 300 -
. . . 400
5" 200 5 200 5 300 g f
4 4 4
< < < 200+
100 4 100
100 1
0 T T T T 0 T T r T 0 T T T T
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Concentration (nM) Concentration (nM) Concentration (nM)

Figure 2. SPR analysis of Ni**:NTA-functionalized nanogels in response to a-thrombin—GPIba complex binding shows that MPB can be
strategically used for the sensitive detection of a-thrombin in clinical samples. (a) Schematic showing that Ni**:NTA-functionalized nanogel
undergoes changes in its RI in response to a-thrombin—GPIba complex binding. (b) (Top) RU,,,, values from sample (blue squares) and
reference (red squares) channels for 25 nM GPIba preincubated with buffered samples plotted as a function of a-thrombin concentration.
(Bottom) The delta RU,,,, values (blue squares) plotted as a function of a-thrombin concentration together with the Langmuir model fitting line
(blue line). (c) (Top) RU,,,, values from sample (blue squares) and reference (red squares) channels for 25 nM GPIba preincubated with buffered
samples plotted as a function of a-thrombin concentration. (Bottom) The delta RU,,,, values for 50 nM GPIba (blue squares) plotted as a function
of a-thrombin concentration together with the Langmuir model fitting line (blue line). (d) (Top) RU,,,, values from sample (blue squares) and
reference (red squares) channels for SO nM GPIba preincubated with plasma samples plotted as a function of a-thrombin concentration. (Bottom)
The delta RU,,,,, values (blue squares) plotted as a function of a-thrombin concentration together with the Langmuir model fitting line (blue line).

reaction mixture was purified by removing unreacted EDC, 3. RESULTS AND DISCUSSION

NHS, and NTA by centrifugation, resuspended five times in 3.1. SPR Analysis. GPIba dimerization via a-thrombin
500 pL of 0.001% triton-X 100 solution, and then dissolved in (Figure la) is not only a pivotal step in the clotting cascade but

350 uL of 0.001% triton-X 100 and 0.05% sodium azide also useful for the highly sensitive and selective detection of a-
thrombin. To prepare the sensing platform for bioresponsive

nanogel-based SPR (nSPR) analysis, nanogels were function-
concentration of 0.5 mM and to form Ni-NTA-functionalized alized with the extracellular domain of GPIba proteins via ex
PS beads. The functionalized nanogels were stored at 4 °C. Ni- situ EDC/NHS coupling and injected into the measurement
NTA PS beads were mixed with polyhistidine-tagged (6x His) channel, whereas neat nanogels were introduced to the

) reference channel. In response to a-thrombin injection, the
GPIba (final concentration: 100 nM) to prepare GPlba- GPIba-functionalized nanogel was designed to undergo

coated beads. For the a-thrombin measurement, 10 uL of changes in RI via MPB (Figure 1a),”® causing signatures in
GPIba PS beads was mixed with 10 uL of a sample solution at the nSPR signal. As the a-thrombin concentration increased,
the association features in the sensorgram became sharper,
followed by a sharper decay (Figure 1b). Similar features with

solution. A NiCl, solution was added to obtain a final

various concentrations. The mixture was then analyzed by

using DLS analysis or a NanoDrop Spectrometer (Thermo reduced peak heights were also observed in the sensorgrams of
Fisher Scientific, Waltham, MA). the reference channel, which were produced by nonspecific
13421 https://doi.org/10.1021/acsomega.4c00010

ACS Omega 2024, 9, 13418—13426


https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00010?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a)

Streptavidin

10 ng of GPlba

(b)

0.06 -

y = 0.0022*x + 0.0345

0.0551 R2-09933

0.05 -
0 0.045 4
o
0.04 -
0.035 1
0.03 = T T T T T
0 2 4 6 8 10
Concentration (pg/ml)
(c)
10 ng of GPlba
0.3 -
y = 0.0218*x + 0.0676
0.254 R2=0.9942
0.2 1
a
© 0.15 4
0.1 4
0.05-+ T T T T T

0 2 4 6 8 10
Concentration (pg/ml)

[substrate |
® —
Enzm

a-thrombin

GPlba

50 ng of GPlba

0.055 -
y = 0.0018*x + 0.0340
0.054 R2=0.9904
0.045
0.04 -
0.035
0.03 4 T T T T T
0 2 4 6 8 10
Concentration (pg/ml)
50 ng of GPlba
0.3 -
y = 0.0188*x + 0.0645
0.25 4{ R®=0.9864
0.2 A
0.15 1
0.1 -
0.05 = T T T T T

0 2 4 6 8 10
Concentration (pg/ml)

Figure 3. ELISA analysis with GPIba as the capture handle allows the characterization of the a-thrombin standard solution. (a) Schematic showing
that the GPIba-passivated microplate captured a-thrombin and underwent antibody binding and enzyme—substrate reactions to generate the
specific signal. (b) OD values (blue rectangles) at $70 nm plotted as a function of a-thrombin concentration for 10 ng (left) and SO ng (right) of
GPIba passivation; linear fits (blue lines). (c) OD values (blue rectangles) at 450 nm plotted as a function of a-thrombin concentration for 10 ng

(left) and SO ng (right) of GPIba passivation; linear fits (blue lines).

interactions. The delta sensorgrams generated by subtracting
nonspecific signals from the corresponding sample signals
represent the specific binding of a-thrombin to GPIba on
nanogels via MPB events (Figure 1b).

To investigate whether the nSPR analysis enables
quantification of a-thrombin, the maximum and minimum
values of the sensorgrams were plotted as a function of the a-
thrombin concentration. The resonance unit maximum
(RU,,.,) and minimum (RU,;,) values from the GPIba gel
sensorgrams (Figure 1c) increased with a-thrombin concen-
tration but became less inclined at higher concentrations. After
subtraction of these values in the neat gel sensorgrams, the
RU,. and RU_;, curves from the delta sensorgrams were
plotted, exhibiting a decent correlation with a-thrombin
concentrations, and those values were detectable except at
10 nM. Both RU,,,, and RU_;, curves in the delta plot have a
plateau region from 500 nM to 1 uM, implying a reduced
signal-to-noise ratio (SNR) at this high concentration regime.

13422

To check whether this is the case, ratios of signals (RU values
in the GPIba gel) to noises (RU values in the neat gel) were
plotted in Figure S4, showing the lowered SNR at 1 uM
compared to others.

The features of the RU curves reflect the kinetics of MPB
between the receptor and the ligand. The RU_,, and RU_;,
curves were fitted to the Langmuir model to obtain a
quantitative understanding of the origin of these features.
The fitting parameters shown in Table S1 are equilibrium
constants, which are inversely correlated to the transition
points in the RU curves. The value of each RU,,,, curve was
less than that of the corresponding RU,;;, curve, indicating that
RU,,,, has a wider dynamic range than RU,;,. Because both
RU values exhibit similar fluctuation levels with respect to fits,
it is reasonable to choose RU,, as the criterion for the
quantification of @-thrombin in nSPR analysis.

The nSPR protocol described above is beneficial for gaining
insight into the precise kinetics of the MPB reactions.
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Figure 4. GPIba-functionalized latex bead agglutination analyses demonstrated the detection of a-thrombin with hospital instruments. (a)
Schematic showing that the GPIba-coated PS beads become multimerized in response to a-thrombin binding. Multimerized beads lead to greater
peak values in DLS analysis and a blue shift in absorbance analysis. (b) (Left) Z-average values (blue squares) of buffer samples plotted as a
function of a-thrombin concentration. (Middle) PDI values (blue squares) of buffer samples plotted as a function of a-thrombin concentration.
(Right) Absorbance values (blue diamonds) of buffer samples plotted as a function of a-thrombin concentration. The Hill model fitting line (blue

line) is plotted together with each data set.

However, the handling of patient samples requires different
experimental procedures. To achieve higher sensitivity in the
nSPR analysis, which is a prerequisite for a-thrombin detection
in patient samples, another experimental protocol was tested.
In this protocol, the nanogels were functionalized with Ni*'-
charged NTA via ex situ EDC/NHS coupling and loaded into
both measurement and reference channels (Figure 2a). To
measure a-thrombin, 6X His GPIba was preincubated with
either an a-thrombin solution or a PBS-buffered solution, and
then each sample flowed into the corresponding channel.
Herein, MPB-like complexes were formed and captured by
Ni**-charged NTA nanogels only when a-thrombin was
present, whereas intact 6X His GPIba monovalently interacted
with Ni-NTA (Figure 2a). This approach is advantageous for
improving the capturing efliciency because soluble GPIba has
a higher cross section to interact with a-thrombin compared to
that of nanogel-immobilized GPIba.

To optimize the experimental conditions, SPR analysis with
25 or 50 nM GPIba for complex production was performed for
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the detection and quantification of @-thrombin in the buffered
solution. Herein, we focused only on the RU,_,, analysis
because of its higher dynamic range. To get a sense of SNR in
each experimental setting, the RU, ., values of sample and
reference channels were plotted for those two GPIba
concentrations, as depicted in Figure 2b,c. As shown clearly,
paired RU_ . values of those two channels seem to be
correlated, and overall, signals at the reference channel for the
50 nM GPIba setting are about two times higher than those
for the 25 nM GPIba setting probably due to monovalent
binding of 6X His GPIba to Ni-NTA on a gold chip. SNR
values (defined by the ratio of the signal at the sample channel
to that at the reference channel) were plotted in Figure S4,
showing differences in these values between the two
experimental settings. The delta RU_,, values that are obtained
by subtraction of the reference signal from the sample signal
are also plotted for each GPIba concentration (Figure 2b,c).
At both 25 and 50 nM GPIbaq, the delta RU_,, curve tended to
increase with the a-thrombin concentration. However, there
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were some differences in the features of these curves. The
lowest a-thrombin concentration (12.5 nM) led to a delta
RU,,,, value at 25 nM higher than that at 50 nM. By contrast,
the curve at 50 nM displayed a better linearity between the a-
thrombin concentration and the delta RU,,,, value.

The distinct curve features dependent on the GPIba
concentration were further analyzed by using Langmuir
model fitting to investigate the optimal preincubation
conditions. The fitting of these RU_, curves resulted in
equilibrium constant values of 0.0064 + 0.0004 and 0.0015 +
0.0011 nM™" for 25 and 50 nM GPIba samples, respectively.
This indicates that the number of binding sites provided by
incubation with 25 nM GPIba could not cover hundreds of
nanomolar a-thrombin concentrations, whereas 50 nM GPIba
was sufficient for that concentration range. This fact should be
considered for the measurement of a@-thrombin in plasma
samples because it was previously known that the association
reaction is faster in the plasma than in the buffer.”®

Preincubation of undiluted plasma samples with a S0 nM
GPIba solution is expected to greatly accelerate the association
reaction even at very low concentrations. Therefore, plasma
was diluted 10 times, incubated with 6X His GPlba for
complex formation, and used for nSPR analysis. The RU,,,,
values from sample and reference channels are plotted in
Figure 2d, revealing higher noise floors compared to those in
buffered samples (the SNR plot in Figure S4). The delta RU,,,,
values shown in Figure 2d indicate that a-thrombin in the
plasma was detectable except at the lowest concentration (6.25
nM). The delta RU,,, curve exhibited linearity with a
reasonable dynamic range, with a quantifiable a-thrombin
concentration of up to 200 nM. Taken together, these results
suggest that SPR analysis with our sensor platform is suitable
for the detection and quantification of a-thrombin in clinical
settings.

3.2. ELISA Analysis. The binding mode of GPIba to a-
thrombin has the potential to facilitate the detection of a-
thrombin by immunochemistry analysis in outpatient settings.
We tested GPIba as a capture molecule in ELISA to ensure
that the binding reaction was useful for this gold-standard
technique (Figure 3a). Each microplate was incubated with 10
or 50 ng of GPIba overnight and used to capture a-thrombin
in a standard solution. Subsequently, a-thrombin was labeled
via antibody binding, enzyme—substrate reaction, and light
attenuation was measured at 570 nm. As shown in Figure 3b,
regardless of the GPIba concentration, the optical density
(OD) of each sample correlated well with its a-thrombin
concentration. Both graphs display linear relationships but with
very high baselines. This indicated that 10 ng of GPIba was
sufficient to cover the microplate area and generate an optimal
number of capture handles, whereas 50 ng of GPIba seemed to
be superfluous. However, the result also revealed that the 570
nm channel was not an optimal choice for the measurement in
terms of the SNR.

To achieve signal enhancement in ELISA, another set of
experiments was conducted with the stop solution of the
enzyme—substrate reaction. Subsequently, the light attenuation
of each sample was measured at 450 nm. As shown in Figure
3c, new graphs featured signal-to-background ratios higher
than those of the corresponding ones shown in Figure 3b.
Their slopes increased by approximately ten times; however,
the baselines increased only approximately two times. Both 10
and 50 ng of GPIba produced excellent linearity in the
corresponding graph. In other words, we demonstrated that

GPIba, as a capturing molecule, instead of an antibody, was
suitable for the detection and quantification of a-thrombin in
ELISA analysis.

3.3. LA Assays. Although nSPR analysis using the nanogel
sensing platform successfully achieved a-thrombin detection in
plasma samples, simpler experimental procedures with hospital
instruments are desirable for the clinical application of such
detection methods. In this section, we describe LA-based
methods developed as an alternative to ELISA for a-thrombin
detection in an outpatient setting. As shown in Figure 4a, the
dual binding of a-thrombin with the two GPIba-coated beads
can induce bead aggregation. This assay was used for a-
thrombin detection in a buffer solution. The hydrodynamic
diameter and polydispersity index (PDI) of the beads were
measured for samples with a-thrombin concentrations ranging
from 0 to 100 nM. The Z-average of the bead diameter
increased from 200 nM and saturated above ~60 nM (Figure
4b, left). The PDI of the GPIba-coated beads exhibited an
even larger incremental rate without being saturated until a
concentration of 100 nM was reached (Figure 4b, middle).
These samples were also analyzed based on changes in their
optical absorbance; the value was ~0.3 at zero concentration
and increased to ~0.67 at 30 nM (Figure 4b, right). Overall,
these three curves were S-shaped with plateau regions close to
Zero.

As an easy-to-use tool for the detection of coagulation
markers, LA assays should be competitive with ELISA in terms
of rapidity, sensitivity, and dynamic range. Preparation and
measurement times of these assays are generally much shorter
than those of ELISA. To assess the detection performance,
nonlinear model fitting was performed on the curves shown in
Figure 4b. Instead of the Langmuir model, S-shaped curves
were fitted to the Hill equation. The calculated half-occupancy
concentrations were sequentially 20.97, 20.67, and 10.00 nM
for those curves. This indicates that DLS and absorbance
analysis can detect a@-thrombin concentrations less than tens of
nanomoles, which is comparable to that of ELISA analysis.
These results suggest the potential use of GPIba-coated beads
in the clinical application of a-thrombin detection.

4. CONCLUSIONS

a-Thrombin, a key regulatory protein in the blood coagulation
cascade, represents an important target for early thromboemb-
olism diagnosis. In this study, we developed analytical
modalities for a-thrombin detection based on its specific
binding to the platelet protein GPIba and tested different
methods to investigate in-depth detection protocols via MPB
and to demonstrate easy and timely detection of this candidate
marker. Our nanogel platform, known for its proficiency in
ligand detection such as IL-2 and SARS-COV-2 in SPR
analysis,”**" was used by functionalizing it with GPIba. The
nSPR assay indicated that GPIba was suitable for a-thrombin
detection with not only high-fidelity binding but also wide
dynamic ranges. The application of the Ni-NTA-functionalized
nanogel and 6X His GP1ba for nSPR analysis enabled the
quantification of @-thrombin in the plasma. In addition, the use
of GPIba for a-thrombin detection was validated by ELISA
and LA assays. Notably, our LA-based methods with a short
time frame (~S min) exhibited performance comparable to
that of ELISA, suggesting that the MPB of GPIba to a-
thrombin will provide an avenue for the clinical application of
a-thrombin detection methods. Importantly, our study will
contribute to advancing patient care in the context of blood
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coagulation disorders. Nonvitamin K antagonist oral antico-
agulants (NOAC), a newly categorized class of oral
anticoagulants that directly or indirectly antagonize a-
thrombin, are currently prevalent in treating patients with
atrial fibrillation and prevent thromboembolism.”' ™ How-
ever, their safe and efficacious use requires regular monitoring
of blood coagulation potency with high precision. Current
methods, such as PT/INR and aPTT, only provide limited
information as they do not directly measure coagulation
factors.>* Therefore, our GPIba-functionalized modality for a-
thrombin will be an excellent tool for gauging the effectiveness
of NOAC: in that it enables the rapid and selective detection
of this marker protein. Our findings suggest that GPIba-based
assays are robust candidates for the clinical measurement of a-
thrombin, offering insights into coagulation status.
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