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Bead-based immunosensors have intrigued the scientific community over the past decades due to their
rapid and multiplexed capabilities in the detection of various biological targets. Nevertheless, their use in the
detection of low-abundance analytes remains a continuing challenge because of their limited number of
active enrichment approaches. To this end, our research presents a delicate microbead enrichment
technique using an optoelectrokinetic platform, followed by the detection of dual biomarkers for the
sensitive screening of an eye disease termed diabetic retinopathy (DR). In this study, microbeads turned
fluorescent as their surfaces formed sandwiched immunocomplexes in the presence of target antigens. The
tiny fluorescent dots were then concentrated using the optoelectrokinetic platform for the enhancement of
their signals. The signal rapidly escalated in 10 s, and the optimal limit of detection was nearly 100 pg mL™.
For practical DR screening, two biomarkers, lipocalin 1 (LCN1) and vascular endothelial growth factor (VEGF),
were used. Approximately 20 plL of analytes were collected from the tear samples of the tested patients. The
concentrations of both biomarkers showed escalating trends with the severity of DR. Two concentration
thresholds of LCN1 and VEGF that indicate proliferative DR were determined out of 24 clinical samples
based on the receiver operating characteristic curves. For verification, a single-blind test was conducted with
additional clinical tear samples from five random subjects. The final outcome of this evaluation showed an
accuracy of >80%. This non-invasive screening provides a potential means for the early diagnosis of DR and
may increase the screening rate among the high-risk diabetic population in the future.

Received 30th September 2019,
Accepted 2nd December 2019

DOI: 10.1039/c91c00975b

rsc.li/loc

Open Access Article. Published on 04 December 2019. Downloaded on 1/23/2026 2:08:21 AM.

[{ec

Introduction

Millions of people have been recently diagnosed with diabetes
mellitus (DM) worldwide, and this number continuously
increases." Among the population with DM, almost all
patients with type 1 DM and >60% of patients with type 2
DM suffer from diabetic retinopathy (DR).> The high
prevalence makes DR the major cause of vision impairment
or blindness in patients with DM. The risk escalates with
age.” However, the non-fatality of DR results in a low
screening rate of <30%."° Current clinical diagnostic tools
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for DR screening, such as fluorescence angiography (FAG)
and optical coherence tomography (OCT), are limited to non-
quantitative examinations and invasive diagnosis, which
generally require high costs.*” In addition, conventional
funduscopic examination not only consumes time but also
heavily relies on the personal experience of ophthalmologists.
Given the abovementioned inconvenience in eye screening,
non-invasive and sensitive DR diagnosis enabling the
acquisition of quantitative data then becomes vital for
preventing vision impairment or blindness in patients with
DM. To this end, proteomic analysis has been gradually
incorporated into numerous sensing devices because of its
high  selectivity and  sensitivity —with  appropriate
biomarkers.* "> Among proteomic diagnostics, the paper-
based enzyme-linked immunosorbent assay (P-ELISA) is a
promising tool for the rapid screening of some diseases.™
Hsu et al.'" reported an inexpensive and highly sensitive
detection technique for proliferative DR (PDR), retinal vein
occlusion, and age-related macular degeneration based on the
P-ELISA diagnostic approach. They prepared 2 pL of aqueous
humor from patients and mixed it with bevacizumab to react
with  horseradish peroxidase. Eventually, quantitative
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colorimetric results were obtained using a cell phone camera.
The limit of detection (LOD) obtained for vascular endothelial
growth factor (VEGF) was as low as 33.7 fg mL™". However,
variations between cell phones and calibrations upon
different measurement environments remain underexplored.
Walsh III et al.'® developed a centrifugal fluidic device for
immunoassays for ocular diagnosis with VEGF. This device
achieves a VEGF LOD of 1 ng mL ™" with only a 50 uL tear
sample requirement. However, the collection of such a
sample size may still be a great barrier. Liu et al.'’ detected
gold nanoparticles functionalized with dsDNA by forming
plasmonic hotspots through glass nanocones. A final LOD
readout of 1 fM was achieved. Victor Ruiz-Valdepefias Montiel
et al.'® used a magnetic bead-based immunosensor for the
detection of alpha-lactalbumin, a human allergen. A
sandwiched immunocomplex involving selective capture and
detector antibodies was formed on the magnetic beads, and
the detection relied upon a hydroquinone/H,O, system. An
LOD of 11 pg mL ™" was reached. High flexibility and ease of
incorporation into another system make the bead-based
bioassay a promising platform for trace amount detection.
Nevertheless, sophisticated equipment is required to drive the
magnetic system. In general, all existing techniques focus on
a single target analyte only, resulting in potential uncertainty
in specificity.

In the present study, a non-invasive immunosensing
technique (Fig. 1) based on an optoelectrokinetic platform,
termed rapid electrokinetic patterning (REP),"*>* was used to
manipulate immunocomplexed microbeads for the detection
of DR biomarkers in tear samples. We utilized a colloidal
suspension containing microbeads conjugated with capture
and free suspending fluorescence tagged probe antibodies.
When the colloidal suspension was well mixed and incubated
with a tear sample, sandwiched immunocomplexes would
form on the microbeads in the presence of target antigens.
The formation of the sandwiched immunocomplexes leads to
primary signal enrichment. Notably, the fluorescence
intensity of the microbeads was dose dependent. The
intensity was further enhanced by secondary signal
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Fig. 1 Conceptual schematic of the tear screening of DR on an
optoelectrokinetic platform.
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enrichment by concentrating the dispersed microbeads with
REP. The final signal intensity of the REP-driven
concentration was two-fold higher than that of sole
sandwiched immunocomplexes and nearly six-fold higher
than that without enrichment (Fig. S1, ESI{). The multiple
signal enrichment allowed the proposed technique to achieve
an LOD as low as 100 pg mL™", which was vital to detect low-
abundance analytes in tear samples. For specific diagnosis,
two biomarkers rather than one were separately used herein
for DR diagnosis. Several potential biomarkers in tear
proteins, such as LCN1, TNF-a, VEGF, and beta-2
microglobulin  (B2M), have been suggested for DR
diagnosis.”>® Among the biomarkers, LCN1 and VEGF are
two proteins that are rich in tear film and highly correlate
with DR. Both biomarkers have been regarded as good
indicators of DR in tears®> and were selected in this study.
The severity of DR escalates with their concentrations. The
thresholds for LCN1 and VEGF in healthy tear samples are
approximately 1-2 mg mL™" and 1 ng mL™, respectively.**?
Accordingly, 20 pL of non-stimulated tear sample was
collected from each patient, whereas only 1.5 uL was required
for a single measurement. The minimum volume of the tear
sample, 1.5 pL, was experimentally determined by our
previous study.®® By investigating tear samples from 24
clinical volunteer subjects, the estimated concentration
thresholds of LCN1 and VEGF for PDR were approximately
250 pug ml™" and 10 ng ml™ based on the receiver operating
characteristic (ROC) curves, respectively. With this standard,
a single-blind test was conducted with five additional clinical
tear samples to verify the feasibility of the technique. The
evaluation showed an accuracy of >80% for PDR detection
on the system. This approach successfully demonstrated the
sensitive screening of DR with the two biomarkers. Similarly,
this technique can be applied to other tear screenings of
diseases in the future by simply replacing their
corresponding capture and probe antibodies.

Materials and methods
Bead-based sandwiched immunoassay

Sandwiched immunocomplexes were designed to form on the
surfaces of amine-modified polystyrene (PS) microbeads
(17145-5, Polysciences) in the presence of LCN1 (H00003933-
MO02, Abnova) or VEGF (900-M10, Peprotech). The
immunocomplex formation was visualized from the
secondary antibody labelled with a green and orange
fluorophore (A21206/R37119, Invitrogen). The sandwiched
configuration was composed of a capture antibody
(monoclonal mouse anti-LCN1 IgG/monoclonal mouse anti-
VEGF 1gG), a target antigen (LCN1/VEGF), and a probe
antibody (polyclonal rabbit anti-LCN1 IgG/polyclonal rabbit
anti-VEGF IgG). In the preparation of each sample, 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (A10807, Alfa Aesar)
and N-hydroxysuccinimide (6066-82-6, Sigma) were first
added to 2-(N-morpholino) ethanesulfonic acid (M3671,
Sigma) buffer to activate the carboxyl groups on the capture
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antibody. As a result, the antibody was conjugated with the
amine-modified PS microbeads. The mixture was incubated
in a thermal shaker at 800 rpm and 4 °C for 4 h for the
completion of the conjugation. The free suspending
antibodies were washed away by three centrifugation steps.
In addition, PEG4000 (A16121, Alfa Aesar) was used as a
blocking reagent to prevent nonspecific binding.

Before the reaction, 1.5 uL of tear sample for LCN1 was
diluted 100-fold with 1x PBS + 0.1% Tween 20 (PBST)
washing buffer. By contrast, the tear sample for VEGF
required no dilution. Subsequently, the tear sample was
mixed with the capture antibody-conjugated microbeads and
incubated at 800 rpm and 25 °C for 1 h. Extra analytes were
washed with PBST by three centrifugation steps. Afterward,
the solutions were mixed and incubated with the probe
antibody (rabbit polyclonal anti-LCN1/VEGF IgG) at 800 rpm
and 25 °C for 1 h. For subsequent visualization, the probe
antibody was further conjugated with additional dye (488/
594) tagged (A21206/R37119, Invitrogen) with a secondary
antibody to express the presence of the corresponding
biomarkers in the test media. In the last step, the buffer was
replaced with deionized water to lower the electrical
conductivity below 1 mS m™".>* Notably, low conductivity was
required for the normal operation of REP.

Chip fabrication

The chip used for the REP-based detection and screening of
LCN1 and VEGF biomarkers comprised two electrode plates
separated with a 110 pum spacer. The bottom plate was
fabricated by coating 30 nm Cr as an adhesive layer and 150
nm Au as a conductive layer on a glass substrate. By contrast,
the top plate was a commercial ITO glass that provided a
transparent window for visualization. Prior to measurements,
only 1 puL of the mixed sample droplet (i.e., tear, microbeads,
and reagents) was sandwiched between the two parallel
electrode plates which were then clamped with magnets.
Notably, unlike the 1.5 pL of tear sample, the 1 pL here is the
minimum volume of the final mixed sample droplet to be
detected on our platform. During operation, an AC signal was
supplied to the electrodes to allow electrical current to run
through the aqueous droplet, inducing the subsequent
optoelectrokinetic effect.

Optoelectrokinetic platform and microbead manipulation

The signal enrichment for biomarker detection was achieved
using a self-established optoelectrokinetic platform, termed
REP (Fig. 2). The chip was placed on an upright
epifluorescence microscope (BX51, Olympus) for microbead
manipulation. A driving voltage generated from an
alternating current (AC) signal source (FG-3015, GWINSTE)
and amplified using a power amplifier (2340, TEGAM) was
supplied to the electrodes of the chip. In addition, an
infrared laser beam (300 mW, 1064 nm, LD-WL206,
Optoelectronics Tech.) was focused on the bottom gold
electrode. The electric voltage produces electrostatic force to
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Fig. 2 Experimental setup of the REP platform. The inset illustrates
the chip used for bead manipulation by REP.

attract suspended microbeads to the bottom electrode. Laser
irradiation creates a local temperature gradient in the sample
droplet to generate AC electrothermal toroidal (ACET) vortex
under electric voltage.’>*® The ACET vortex sweeps the
attracted microbeads toward the irradiated laser spot,
whereas the electrostatic force lets the beads remain at the
bottom electrode. Thus, ACET flow and electrostatic force
play a major role in concentrating microbeads for biomarker
detection.

The fluorescence intensity of the microbeads was
enhanced as they are concentrated by REP. We previously
showed that microbead manipulation is a function of
electrical frequency.****** In this study, the optimal
manipulation of 3 pm microbeads by REP was realized with
15 Vp,, at 35 kHz and 12 mW laser intensity. The fluorescence
of the microbeads dynamically aggregated under the
operating conditions was excited and emitted through a filter
cube equipped in the microscope. The fluorescence images
were acquired using a digital camera (FL3-03-13S2C-CS, Point
Grey) and then stored in a computer for data analysis.

Determination of thresholds for biomarkers

Specificity, sensitivity, and accuracy are the major concerns
in the determination of the thresholds for LCN1 and VEGF.
As a result, the ROC curve was employed here to optimize the
determination. The data were acquired from clinical tear
samples to ensure that the thresholds selected were feasible
for actual clinical screening. For simplicity, only two groups,
namely, PDR and non-PDR, were classified. Notably, the non-
PDR group may include healthy subjects and patients with
non-proliferative DR (NPDR) or other non-DR ocular diseases.
In an ROC diagram, the upper-leftmost corner represents the
ideal situation, which implies 100% sensitivity, specificity,
and accuracy. However, given that the ideal case is nearly
impossible in reality, an optimal alternative was sought to
find a point that connects the shortest distance between the
corner and the curve. Eventually, the alternative point
defined a reasonable outcome to balance the specificity,
sensitivity, and accuracy in the measurement.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Effects of bead-based immunoassays with LCN1 and VEGF

LCN1 and VEGF are two tear proteins associated with the
severity of DR. LCN1 belongs to the lipocalin family of
extracellular proteins that may bind to hydrophobic ligands
and inhibit cysteine proteinases. VEGF mainly facilitates the
growth of neovascularization. The concentration levels of
LCN1 and VEGF increase as DR progresses. Therefore, DR
can be screened by monitoring the variations in both
biomarkers. The specificity of DR screening can be enhanced
when the biomarkers are simultaneously used. To this end,
the specificity characteristics of LCN1 and VEGF were verified
individually (Fig. 3). Only the corresponding target proteins
of anti-LCN1 and anti-VEGF capture antibodies were detected
and expressed with fluorescence. The nonspecific binding
was much lower than that of their specific counterparts and
similar to that of the control. The low nonspecific binding
provided a good foundation for the detection of dual
biomarkers.

The dose-dependent fluorescence intensity of LCN1 and
VEGF was calibrated (Fig. 4). The intensity was expressed as
the relative ratio of the difference between the experimental
and control values to the control value. The relative
fluorescence intensity was obtained over a broad range of
concentrations from 100 pg mL ™" to 10 ug mL™", covering five
orders of magnitude. The corresponding fluorescence signal
increased with the concentration of the target proteins. By
finding the intersection of the threefold error bars of the
control and the linear trend line, the estimated LOD level for
both biomarkers was 100 pg mL ™.

Screening thresholds of LCN1 and VEGF from clinical
samples

The thresholds of the DR biomarkers must be determined
prior to the clinical diagnosis of DR. Although 1-2 mg mL™
and 1 ng mL™" were reported®*! as critical concentration

levels of LCN1 and VEGF in healthy human tears,
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Fig. 3 Specificity of LCN1 and VEGF. Fluorescence intensity values of
(A) anti-LCN1 and (B) anti-VEGF conjugated microbeads in the
presence of different antigens (n = 4). The top insets showing
fluorescent particle images correspond to the bottom bar chart.
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Fig. 4 Calibrations of relative intensity with respect to different
concentrations of (A) LCN1 and (B) VEGF ranging from 100 pg mL™ to
10 pg mL™ The symbols “#7, «“*+» and “***” denote p < 0.05, p <
0.01, and p < 0.001, respectively, under Student's t test (n = 4). The
error bars represent standard deviations.

respectively, the levels may still vary according to the sample
preparation method. As a result, the ROC curve was used
herein in the determination of the appropriate thresholds of
the two biomarkers in our system (Fig. 5A). According to a
graphical guideline, an optimal point on the curve was
connected to the upper left corner with the shortest distance,
which also implied the best combination of specificity and
selectivity. The optimal points were selected from the data of
LCN1 and VEGF levels obtained from 24 volunteers,
including 8 healthy subjects, 13 patients with PDR, 2 patients
with NPDR, and 1 patient with glaucoma based on the ROC
curve (Fig. S2, ESIT). The volunteers were classified into two
categories, PDR and non-PDR groups, depending on their
HbAlc blood tests and clinical examinations by our
collaborative ophthalmologist. Tear sample collection was
conducted by another clinical specialist at the Department of
Ophthalmology, National Cheng Kung University Hospital
(NCKUH) under an IRB agreement # A-ER-105-113. The
patients were selected by the ophthalmologist in advance.
Exclusion criteria included dry eye syndrome, macular
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Fig. 5 (A) ROC curves of LCN1 and VEGF depending on 24 clinical
samples. (B) Concentration distribution of 24 clinical data, which are
expressed in terms of the concentrations of LCN1 and VEGF. Each of
the two solid lines represents the thresholds of LCN1 (vertical line) and
VEGF (horizontal line). Colors of the data points represent the health
conditions according to the clinical diagnostic reports.
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degeneration, under drug treatments, and below 45 years of
age. Tear samples were obtained through a glass capillary.
First, the lower lid was pulled downward, revealing the
conjunctival sac into which the glass capillary was held
horizontally. Owing to the capillary effect, the tear fluid then
flowed into the glass capillary. Finally, the tear sample was
pipetted out of the glass capillary into a microcentrifuge tube
and stored in a refrigerator for later use.

For a simple judgement, a concentration distribution
graph of all 24 participants with respect to the two selected
biomarkers is plotted in Fig. 5B. Based on the ROC curve
mentioned previously, the 24 tear samples provided two
baselines as thresholds. The final threshold values of LCN1
and VEGF on the platform were approximately 250 ug ml™"
and 10 ng ml™, respectively. Notably, the threshold of LCN1
for PDR was lower than that previously mentioned. The
discrepancy was very likely due to the multiple dilutions.
Thus, the original concentration may not be linearly
proportional to the dilution ratio. Despite the mismatch in
the absolute value, the screening method was reliable as long
as the diagnosis was performed on the same system. In the
graph, the vertical and horizontal solid lines represent the
thresholds of LCN1 and VEGF for PDR, respectively. When
the diagram was divided into four sections with two solid
lines, the data lying in the first quadrant could be classified
as severe PDR. The severity escalates as the data point moves
to the upper-rightmost corner. Conversely, the data in the
third quadrant stand for healthy subjects. Apart from the
above two cases, the data in the second and fourth quadrants
usually imply potential concerns in other diseases associated
with LCN1 (NPDR) and VEGF (glaucoma). These exceptional
cases suggested the necessity of dual biomarkers for DR
screening to achieve high specificity of diagnosis. Notably,
for data that are close to the boundary lines of the first
quadrant, the proximity may imply a high risk of progressing
to PDR. Thus, the patient requires immediate medical
intervention. An exceptional green dot corresponding to a
healthy person is located near the boundary of the second
quadrant. This case was later identified as a person with a family
history of diabetes. Accordingly, this abnormal index may be an
early sign of potential DR in the future. Finally, this diagram
provided a reliable graphical guideline for diagnosing PDR in
unknown subjects. The accuracy of each single biomarker was
approximately 88.5%, whereas that of dual biomarkers reached
up to nearly 100%. As a result, the use of dual biomarkers
was of great help in improving the accuracy of DR detection.

Evaluation of the optoelectrokinetic platform with single-
blind tests

By referring to the distribution graph established previously,
we performed single-blind DR screening with the
optoelectrokinetic platform to evaluate the feasibility of this
technique in actual clinical practices. In the tests, five
unknown patients were first selected and examined by an
ophthalmologist at the NCKUH. PDR patients may or may
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Fig. 6 (A) Funduscopic micrographs of five unknown patients. The
insets a, b, and d are samples from patients with PDR while the insets
c and e are samples from healthy subjects. The arrows in b and d
indicate the bleeding spots. (B) Fluorescein angiography images from
the patients with PDR. b* and d* are labels corresponding to the
previous micrographs b and d, respectively. The arrows indicate the
bleeding spots. (C) Concentration distribution of the single-blind tests.
The solid lines define the thresholds of LCN1 and VEGF for PDR. The
hollow icons represent healthy subjects, whereas the solid icons
represent the patients with PDR according to their clinical reports. The
upper right region filled with orange color is the suggested PDR
domain based on the ROC analysis.

not be present among the subjects. All of them underwent a
blood test and conventional ocular examination (Fig. 6A).
Subsequently, two of the examinees (b and d) had severe
PDR, and their abnormal bleeding spots were indicated by
the white arrows in the fluorescein angiography images
(Fig. 6B). Notably, examinee (a) was diagnosed with PDR
three years ago but fully recovered after a laser treatment.
The remaining two examinees (c and e) were confirmed to be
free from any DR symptoms. By contrast, our measurements
were plotted in the distribution graph according to the
concentrations of LCN1 and VEGF (Fig. 6C). Clearly, samples
(b) and (d) were in the PDR region, whereas the three other
samples (a), (c), and (e) fell within the healthy region. The
comparison of the two results indicated that the screening
accuracy on the REP platform was 80%. However, for sample
(a), which was fully recovered from PDR and was now a
clinically healthy case, the discrepancy with our
measurement may be debatable. For further information, the
detailed comparison is presented in Table 1.

Table 1 Result of the single-blind tests

Our REP Hospital
LCN-1 VEGF system results P.S.

Patienta X X Negative Positive The patient
was cured
after treatments

Patientb v v Positive Positive

Patientc X X Negative Negative

Patientd v v Positive Positive

Patient e X X Negative Negative

This journal is © The Royal Society of Chemistry 2020
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Conclusions

DR has recently become a common complication of diabetes,
which is a rapidly growing metabolic disease. Nevertheless,
DR receives little attention from the public because of its
non-fatality. This universal negligence results in a worldwide
low screening rate of <30%.%° The root causes of this
condition may be attributed to the inconvenience of current
clinical screening procedures, such as fear of invasive
examinations (e.g., FAG), unreliability due to non-quantitative
diagnosis, and high cost for some new diagnostic
instruments, such as OCT. To address these obstacles, we
proposed a technique combining an optoelectrokinetic
platform and a bead-based immunoassay for the sensitive
screening of DR with two DR biomarkers, LCN1 and VEGF, in
human tears. The preliminary results showed high specificity
and linear dose-dependent responses. A broad range of
measurements over five orders of magnitude and an LOD of
as low as 100 pg mL™" were achieved. In the preparation of
the method for actual clinical screening, the ROC curve was
used to determine the optimal thresholds of LCN1 and VEGF
for PDR on 24 clinical tear samples. A minimum of 1.5 puL of
tear sample was needed for each measurement. With a
sensitivity of 92.9%, a specificity of 90.9%, and an accuracy
of 88.46%, the thresholds of LCN1 and VEGF measured with
the technique were 250 ug mL™" and 10 ng mL™", respectively.
On the basis of the fine-tuned parameters, we conducted
single-blind tests with five unknown tear samples selected by
our collaborative ophthalmologist. By comparing the
measurements with their clinical diagnoses, we achieved an
accuracy of at least 80%. Among the participants, two were
confirmed to have PDR, two were healthy individuals free
from any DR symptoms, and the remaining one was a fully
recovered patient with a history of PDR. Except for the last
ambivalent case, good agreement between the measurements
and their clinical counterparts was obtained. Further clinical
tests are expected to be conducted to minimize the
uncertainty by expanding the database. Nevertheless, the
technique provided a valuable solution to overcome the
current deficiency in DR screening. We expect that with
additional clinical samples, the proposed technique can
provide insight into improving the low DR screening rate in
the near future.
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