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Point of Care Test Technology Suitable for Early Detection and Monitor-
ing of Ischemic Stroke

BE
SC

NTHAM
IENCE

Young Mi Lee'?, Mi Jung Bae'”?, Ye Seul Choi"*’, Eunmi Lee"*’, Junghwan Cho’, Myung-Gwan
Kim®, Minh Tan Le"*’, Thi Hong Duc Nguyen'**, Hyung Soo Han'**’, Nora Jee-Young Park™ and
Gun Oh Chong™*

'Department of Physiology, School of Medicine, Kyungpook National University, Daegu 41405, Korea; *Clinical
Omics Institute, Kyungpook National University, Daegu 41405, Korea; BK21 Four Program, School of Medicine,
Kyungpook National University, Daegu 41944, Korea; "Department of Obstetrics and Gynecology, Kyungpook Nation-
al University Chilgok Hospital, Daegu 41404, Korea, "Department of Pathology, Kyungpook National University Chil-
gok Hospital, Daegu 41404, Korea

Abstract: Background: Stroke is one of the leading causes of death and disability in adulthood
worldwide. A simple and convenient diagnostic method is needed for monitoring high-risk patients
for stroke. Few POCTs are available for stroke diagnosis. Soluble blood P-selectin is known as a
biomarker for platelet aggregation. Increased expression of P-selectin is observed in coronary
artery disease, acute myocardial infarction, stroke and peripheral arterial disease.

Objective: A simple method that can measure the increased expression of P-selectin in stroke pa-
tients is intended to be used for diagnosis or early detection and hospital monitoring of ischemic
stroke.
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Methods: Plasma proteins in blood were separated using a three-layered filter system. Quantum
dot and antibody were conjugated to detect biomarkers present in plasma and then measured with a
fluorescence spectrophotometer.
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Results: The detection limit of soluble P-selectin confirmed by immunoassay was 1 ng/ul. In order
to increase the sensitivity and simplify the reaction, the detection limit was measured to evaluate
the sensitivity of the quantum dot labeled anti P-selectin antibody. As a result, P-selectin of 5 ng/ul
or more showed saturation signal intensity, indicating the upper limit of detection, and 10 pg/ul
was the lower limit of detection.

Conclusion: In this study, we proposed a three-layer filter membrane system that can separate bio-
marker-rich fractions from whole blood, simplifying the analysis process and improving sensitivity
by using quantum dot-labeled antibodies to detect biomarkers. We hope that our system comple-
ments the advantages of POCT and can be applied to real clinical applications.
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1. INTRODUCTION

Stroke is one of the leading causes of death and disabili-
ty in adulthood around the world. Stroke is classified into he-
morrhagic and ischemic subtypes [1, 2]. Since stroke attack
occurs unexpectedly, monitoring high-risk patients is essen-
tial to reduce mortality and morbidity. In the case of hemor-
rhagic stroke, CT scan is most commonly used for early diag-
nosis and monitoring of the disease, while MRI is the best
choice for ischemic stroke diagnosis. But imaging based dia-

gnosis is not accessible in small medical institutions and pa-
tients’ homes. Expensive cost and expert dependency are
another hindrance to emergent cases. Since rapid diagnosis
and monitoring can improve stroke care quality and con-
tribute to better clinical outcomes, the need for simple and
convenient diagnostic method is evident. In case of Traumat-
ic Brain Injury (TBI), blood biomarker based point-of-care
tests (POCT) have been developed and used for the evalua-
tion of the disease. Blood biomarkers including ubiquitin car-
boxy-terminal hydrolase isoenzyme L1, glial fibrillary
acidic protein, aldolase isoenzyme C and S100 calcium-bind-
ing protein B are commonly used for TBI [3-5]. But there
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are few POCTs that can be used for stroke diagnosis. In
spite of many advantages of POCT technology, lower sensi-
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tivity and less reliable results limit its usage as an on-site di-
agnostic tool. Soluble blood p-selectin is known as a bio-
marker for platelet aggregation. Increased expression of p-se-
lectin is observed in coronary artery disease, acute myocar-
dial infarction, stroke and peripheral artery diseases [6-8]. It
is known to promote the onset of cardiovascular diseases, in-
cluding myocardial infarction [9]. In this paper, we suggest
a simple method which can measure soluble p-selectin in
blood. This technology can be used for pre-hospital diagno-
sis or early detection and in hospital monitoring of ischemic
stroke.

2. MATERIALS AND METHODS

2.1. Collection and Preparation of Blood Sample

Blood samples were provided from Kyungpook National
University Hospital (KNUH). Experimental procedure was
approved by Ethics Committee and Institutional Review
Board of KNUH (KNUH 2018-03-013). All experiments
were carried out in accordance with relevant guidelines and
regulations. Whole blood was collected, transported and
stored in EDTA-tread bottles at 4°C when it was used within
48 hours after sampling. Whole blood was used for experi-
ment or fractionated for further use by centrifugation at
3,000g. Plasma or serum was carefully collected from the
EDTA-containing or plain tubes, respectively, and was trans-
ferred into plain polypropylene tubes. Great care was taken
to ensure that the buffy coat or the blood clot was undis-
turbed when plasma or serum samples, respectively, were
collected. The plasma or serum samples were re-centrifuged
at 3,000 g, and the supernatants were collected into fresh po-
lypropylene tubes. The samples were stored at -80°C until
further processing.

2.2. Three Layered Filter System for Isolation and Detec-
tion of Blood Protein

In order to isolate blood protein enriched fraction from
whole blood, we used three-layered filter system, which was
proposed in our previous study [10]. To facilitate the detec-
tion of target protein, we used nitrocellulose (NC) mem-
brane with a large pore size (10 um, LFNC-C, NUPORE) as
a filter layer three instead of a small pore size NC membrane
(0.1um, #.10600010, GE Healthcare), which was used at our
previous study.

2.3. Separation of Blood Proteins using Three Layered
Filter System

Using three-layered filter system, we can obtain target
proteins in filter three. Filter one was used to separate blood
cells, filter two was used to separate blood proteins with larg-
er size and filter three was used as a reservoir membrane
which contains mainly biomarker proteins. By adjusting fil-
ter two conditions, we can enrich protein fraction within a
specific size range in filter three. When polyethersulfone
(PES) membrane (pore size of 0.03 um) was used, filter
three contained more large-sized proteins and smaller pro-
teins were enriched by PES membrane (pore size of 0.01
um). Filter three was used for anti-gen-antibody reaction
space as well.
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2.4. ELISA Assay

Blood samples from stroke patients were used to mea-
sure soluble p-selectin using Human SELP/P-select-
in/CD62P ELISA assay kit (LS-F475, LSBio). Assay was
performed following manufacturer’s protocol.

2.5. SDS-PAGE and Western Blot Assay

To confirm the presence and size of target proteins we
performed sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by Western blot assay.
After incubation with primary antibodies (human SELP/P-se-
lectin/CD62P antibody (LS-C296359, LSBio), human IgG
antibody (SA1-35470, ThermoFisher Scientific), human
IgM antibody (31415, ThermoFisher Scientific), human
apolipoproteinAl antibody (MAS5-14732, Invitrogen) for 1
hour at room temperature, horseradish peroxidase (HR-
P)-linked secondary antibody (#.7074, Cell Signaling) was
added for one hour at room temperature. Enhanced chemilu-
minescence (ECL) reaction was done to visualize the protein
band using PicoEPD Western reagent (#.EBP1073, ELPIS-
BIOTECH).

2.6. Detection using Color Dye or ECL

We used recombinant human p-selectin/CD62P (AD-
P3-050, R&D systems), recombinant human apolipoprotei-
nAl (3664-AP, R&D systems) or blood proteins harvested
by centrifugation or three layered filter system to evaluate
the immunoassay using color dye. To measure the limits of
detection of the assay, we used serial diluted recombinant
proteins. One ul of recombinant protein solution was applied
to the filter system. Filter three was blocked with 1% bovine
serum albumin (A7906, Sigma) in phosphate buffered saline
for 10 minutes at room temperature. After brief washing
with 0.1 M Tris buffer solution for 5 minutes, primary anti-
bodies (anti-human SELP/P-selectin/CD62P antibody (L-
S-C296359, LSBio) and mouse anti-human ApoA1l antibody
(MA5-14732, Invitrogen) were used for antigen-antibody re-
action. HRP-linked secondary antibody (#.7074, Cell Signal-
ing) was incubated for one hour at room temperature and fol-
lowed by color reaction with 3,3",5,5 -tetramethylbenzidine
(TMB)-D solution (4600, Kem-En-Tec Diagnostics). When
HRP conjugated mouse anti-human IgG antibody
(SA1-35470, ThermoFisher Scientific) and HRP linked goat
anti-human IgM antibody (31415, ThermoFisher Scientific)
were used, color reaction with TMB solution was made di-
rectly. Enhanced chemiluminescence (ECL) using PicoEPD
Western reagent (EBP1073, ELPIS-BIOTECH) was per-
formed to compare the result with TMB solution.

2.7. Quantum Dot and Antibody Conjugation

To make quantum dot labeled antibody solution, hy-
drophilic quantum dot (CZM-620W, ZEUS) and p-selectin
antibody (Human SELP/P-selectin/CD62P Antibody, LS-
C296359, LSBio) were used. After adding 20 ul of concen-
trated quantum dot solution (5 mg/ml) to 980ul of phosphate
buffer solution (10 mM), 10ul of N-ethyl-N’-dimethylamino-
propyl-carbodiimide solution (100 ug/ml, 22981, SIGMA)
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and 10 ul of N-hydroxysulfosuccinimide solution (200
ug/ml, 24510, SIGMA) was added. After 30 minutes of reac-
tion, centrifugation (5000 rpm, 3 minutes) using ultrafiltra-
tion unit (Vi-vaspin 500, Sartorius) was done to remove un-
reacted materials. By adding phosphate buffer solution to fil-
tered quantum dot solution to make final volume of 1 ml.
One hour after mixing 1 ml of quantum dot solution and 20
ul of anti-p-selectin antibody solution (2 mg/ml) at room
temperature, 10 ul of bovine serum albumin solution (500
uM) was added and incubated for one hour. The fluores-
cence intensity of quantum dot-antibody conjugation was
measured using a fluorescence spectrophotometer.

2.8. Detection of p-selectin using Quantum Dot Labeled
Antibody

To evaluate the performance of quantum dot labeled p-s-
electin antibody, serially diluted (10 ng/ul to 1 pg/ul) recom-
binant p-selectin solution was used. After incubation for 30
minutes at room temperature, the fluorescent signal from re-
action mixture was observed on third filter (NC membrane,
pore size 10 um) in the small dark box under LED light (e-
mission wavelength 365~370 nm). Image was visible with
naked eyes and the corresponding fluorescent images were
captured using smartphone camera (Samsung Note10). Dark
box (width 30 mm, length 90 mm, height 80 mm) is made of
black matte cardboard. On top of the dark box, there is one
opening (width 10 mm, length 30 mm) for smartphone cam-
era. Inside the box, we placed LED strip on the edge of the
roof. LED strip is connected to auxiliary battery (Samsung
EB-P1100, 10,000 mAh). Filter three, NC membrane is
placed on the bottom plate during and after immunoassay

(Fig. 1).

Fig. (1). Dark box made of matte cardboard is used to detect fluo-
rescent signals using smartphone camera (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

3. RESULTS

3.1. Soluble p-selectin ELISA Assay of Blood from Is-
chemic Stroke Patients

Using blood samples from ischemic stroke patients, lev-
el of soluble p-selectin was measured. Even though the num-
ber of samples was not big, there was a significant differ-
ence between control group (»=12, 20.17+14.47 pg/ul) and
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ischemic stroke group (n=15, 58.65+10.64 pg/ul). The con-
centration of soluble p-selectin was similar to others’ reports
[11,12].

3.2. Separation of Blood Proteins using Three Layered
Filter System

Using three layered filter system, we obtained blood pro-
teins from filter three layer. By adjusting filter two condi-
tion, we can enrich protein fraction within specific range.
The presence of bigger proteins including immunoglobulin
M (IgM, 180 kDa) and G (IgG, 150 kDa) (Fig. 2A) was iden-
tified from filter three when PES membrane with pore size
0.03um was used as filter two. Those proteins were hardly
detected when PES membrane with pore size 0.01lum was
used. ApolipoproteinAl (apoAl, 28.3 kDa) was detected by
both PES membranes. The amount of apoA1 was smaller by
PES with pore size 0.01 um compared with 0.03 um (Fig.
2B).

A IgM lgG
PES 0.03 . .
PES 0.01

B PES 0.03 0.01

apoA1 ' .

Fig. (2). (A,B) Separation of blood proteins using three layered fil-
ter membrane system. The presence of Ig M and G and apoAl was
visualized with ECL assay at filter layer three. PES membrane with
different pore size (0.03 vs. 0.01 um) demonstrated different pas-
sage of proteins depending on the particle size of proteins.

3.3. Visualization of Soluble p-selectin using TMB or
ECL

To test the limit of detection of soluble p-selectin, we
checked the sensitivity of immunoassay using TMB dye. Pri-
mary antibody against p-selectin was reacted and then HRP
labeled secondary antibody and TMB dye solution was add-
ed sequentially for visualization. When recombinant p-se-
lectin was tested the lowest limit of detection was 5 ng/ul
(Fig. 3A). Since normal concentration of soluble p-selectin
is around 10 ~ 20pg/ul, we tried more sensitive method us-
ing enhanced chemiluminescence (ECL). But the lower limi-
tation of ECL method was 1 ng/ul (Fig. 3B). To enhance sen-
sitivity and simplify the reaction, we tried quantum dot la-
beled antibody as a next step.
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Fig. (3). (A,B) Visualization of p-selectin after inmunoassay using
color dye or enhanced chemiluminescence (ECL). Both methods
could not detect the normal level of soluble p-selectin in the blood
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

3.4. Quantum Dot-antibody Conjugation

We conjugated quantum dot with antibody and measured
fluorescence intensity of unlabeled antibody, unlabeled quan-
tum dot and antibody labeled with quantum dot. Both quan-
tum dot and labeled antibody showed the same peak of emis-
sion wavelength while unlabeled antibody showed no signal
(Fig. 4A). To confirm the quality of conjugation reaction gel
electrophoresis was performed. Pure quantum dot, quantum
dot labeled antibody and p-selectin reacted with quantum
dot labeled antibody showed different size of bands (Fig.
4B). To check the stability of quantum dot labeled antibody
we measured fluorescent intensity for 4 weeks after conjuga-
tion. Intensity dropped during the first two weeks after conju-
gation and stayed at stable level till 4 weeks (Fig. 4C).

3.5. Detection of Soluble p-selectin using Quantum Dot la-
beled Antibody

To evaluate the sensitivity of quantum dot labeled an-
ti-p-selectin antibody, limitation of detection was measured.
After the serially diluted recombinant p-selectin solution
was applied on the filter system, filter 3 membrane was react-
ed with antibody. P-selectin over 5 ng/ul was showed saturat-
ed signal intensity, suggesting the upper limit of detection
while 10 pg/ul was the lower limitation of detection since 5
pg/ul was almost the same as negative control (NC) (Fig. SA
and B).

3.6. Optimization of Quantum Dot Labeled Antibody As-
say

To simplify the assay process, we optimized antibody re-
action condition to set the threshold of detection limit
around 30 pg/ul. Recombinant p-selectin (10 pg/ul and 50
pg/ul) spiked blood samples were tested and 10 pg/ul was
not detectable while 50 pg/ul was detected. Using this opti-
mized antibody detection condition, detection of p-selectin
concentration over the normal range is visible with naked
eye (Fig. 6).
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Fig. (4). (A-C) Quantum dot-antibody conjugation. After Quantum
dot is labeled with p-selectin antibody, its characteristics are evalu-
ated. Peak of emission wavelength, size of conjugated antibody,
and stability were measured (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).

4. DISCUSSION

Detection of early stroke or monitoring of high risk popu-
lation is medically important and highly required by pa-
tients. Even though the concept of POCT or test at home has
been developed for decades but practical application has lim-
itations because of some obstacles. To be used by people
without medical expertise the assay should be simple, includ-
ing sampling, process of assay and detection. The assay
should provide a meaningful information without using com-
plicated device or process to determine the result. In this
study, we suggested three layered filter membrane system
which can isolate biomarker rich fraction from whole blood.
This system can use only 20ul of finger pricked blood. By
using quantum dot labeled antibody to detect biomarker, as-
say process was simplified and sensitivity was enhanced. Af-
ter applying a drop of blood to filter system for 1 minute (se-
paration step) and third filter membrane was isolated from
the filter system and quantum dot labeled antibody solution
was added to the membrane and incubated for 20 ~ 30 min-
utes at room temperature. To observe the result of assay and
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Fig. (5). (A-B) Detection of p-selectin using Quantum dot labeled antibody. The upper limit of detection was 5ng/ul and lower limit was
10pg/ul (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

store the record, the image was taken with smartphone cam-
era in a small dark box which hosts third filter membrane in-
side. Antibody reaction was optimized to demonstrate fluo-
rescent signals when abnormally high range (over 50 pg/ul)
of soluble p-selectin while normal blood (less than 10 pg/ul)
showed no detectable signals at our experimental condition.
Three layered filter membrane system has several advan-
tages. First, it minimizes the need for medical experts by re-
ducing the blood volume suitable for assay. 20 ul of blood
can be obtained by finger pricking instead of the intravenous
route. Second, vertical flow of blood sample through three
layered filter membrane system can reduce the interference
by blood cells, large size proteins and other blood compo-
nents by leaving those components mainly in the first and se-
cond layers. Biomarkers in the third layer are used for assay.
In addition, by modifying the pore size and features of se-
cond layer, biomarkers with different sizes or characteristics
can be fractionated in the third layer. Third, the loss of blood
sample could be minimized and the amount of sample vol-
ume reached to third layer is consistent.

p-selectin
NC 10

50 pg/ul

Fig. (6). Detection of p-selectin using quantum dot labeled anti-
body (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

This feature provides advantage in measuring the bio-
marker by reducing the error made during sample process-
ing. In this study, we used a quantum dot to visualize the as-
say result. Quantum dot is an inorganic semiconducting
nanoparticle with unique optical properties, such as broad ab-
sorption spectrum, narrow emission peak, resistance to pho-
to-bleaching, and high quantum yield. Various functionaliza-
tion and conjugation strategies have been developed to en-
able the labeling and detection of various biological analytes
including small molecules, proteins, cells, and bacteria
[13-15]. Even though quantum dot has several advantages, it
has a critical pitfall since use of fluorescence detection sys-
tem is mandatory. To check whether our assay can be detect-

ed with smartphone camera we tried a variety of different
conditions and found out that LED (365nm) light placed at
the top of the dark box and facing downward to keep the
light away from illuminating directly to camera was success-
fully working. Even though the advantages of POCT com-
pared with conventional technologies are portability, simple
and easy to use, quick outcome to user directly, POCT usual-
ly demonstrates bad reputation including lower sensitivity,
less reliable and inaccurate results. However, our system
worked effectively and can be applied to the real site if man-
ufacturing and quality control of the final product issues are
well controlled. The future for POCT or test at home will be
promising in case of telemedicine, mobile stroke unit and
healthcare centers. POCT can be used in the post-hospital
setting as well. We hope our study can contribute to imple-
mentation of point of care technologies in real clinical envi-
ronments.

CONCLUSION

POCT has the advantages of being portable, simple and
easy to use, and the user can quickly check the results. There-
fore, the development of a diagnostic kit capable of early de-
tection and prediction of stroke is medically very important.
In our system, quantum dots were used to detect biomarkers
in blood. By using a quantum labeled antibody, the analysis
process was simplified and the sensitivity was improved.
We hope that POCT will be useful for user convenience in
clinical settings.
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