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Introduction

Glaucoma is recognized as one of the leading causes of

Dual lateral flow assay using quantum nanobeads
for quantitative detection of BDNF and TNF-a in
tearst

Yue Wu,? Yubing Hu, @2 Nan Jiang,© Maria W. Georgi,®
Ali K. Yetisen @* and M. Francesca Cordeiro*?%

Glaucoma is a group of neurodegenerative eye diseases characterized by progressive damage to the optic
nerve which is typically asymptomatic until irreversible vision loss has occurred. Early screening is essential
for timely treatment to prevent visual impairment. However, existing detection methods struggle to achieve
a balance between accuracy, time efficiency, and portability. The lateral flow assay (LFA) is a well-
established immunoanalytical tool for point-of-care (POC) analysis. Here, we have developed a unique
dual-testing, quantum nanobeads-based fluorescence LFA, allowing for the simultaneous and quantitative
detection of two glaucoma biomarkers: tumor necrosis factor-o (TNF-a) and brain-derived neurotrophic
factor (BDNF). By coating quantum dots on the surface of a SiO, core, the fluorescent intensity of the
quantum nanobeads was enhanced enabling an accurate, efficient, and high-throughput bioanalytical
performance, with low detection limits of 3.39 pg mL™ for TNF-o. and 4.13 pg mL™ for BDNF. The LFA also
demonstrated superior selectivity, reproducibility, and stability to the standard enzyme-linked
immunosorbent assay (ELISA). Using a 3D-printed readout box, the analysis of the LFA requires only a
readily accessible smartphone and image processing software, making it an ideal POC detection tool. This
ultrasensitive, economical, and user-friendly LFA demonstrates significant potential as an alternative for
glaucoma screening.

of glaucoma are crucial to prevent structural damage, reduce
vision loss and minimize expenditures.’
Current diagnostic methods for glaucoma include

blindness worldwide," often developing asymptomatically and
leading to irreversible visual field defects in its advanced
stages due to the chronic and progressive death of retinal
ganglion cells.” Undiagnosed glaucoma rates are high,
estimated at 70% in developed countries and even higher in
developing regions.®> The disease imposes both direct
treatment and significant indirect costs, including $50 billion
in expenses from associated falls and fractures in the United
States alone.” Effective screening methods for early detection

“ Department of Chemical Engineering, Imperial College London, South Kensington,
London, UK. E-mail: a.yetisen@imperial.ac.uk

b Department of Surgery and Cancer, Imperial College London, South Kensington,
London, UK. E-mail: m.cordeiro@imperial.ac.uk

¢ West China School of Basic Medical Sciences & Forensic Medicine, Sichuan
University, Chengdu 610041, China

4 The Imperial College Ophthalmic Research Group (ICORG), Imperial College
London, London, UK

¢ Glaucoma and Retinal Neurodegeneration Group, Department of Visual
Neuroscience, UCL Institute of Ophthalmology, London, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d41c01045k

This journal is © The Royal Society of Chemistry 2025

intraocular pressure measurement, visual field testing and
optic nerve examination. Whilst these methods are widely
used, they fail to meet the stringent criteria for sensitivity
and specificity required for a screening tool.>>® For instance,
studies have shown that visual field tests demonstrated high
false positive rate in mass screening.” Furthermore, the inter-
physician variability of optic nerve assessment with
ophthalmoscopy and fundus photography significantly
affects result accuracy.® These limitations highlight the need
for a more reliable, cost-effective, and user-friendly tool for
glaucoma screening.

Recent advances in biomarker research have opened new
avenues for non-invasive glaucoma detection. Tear fluid, in
particular, has emerged as a valuable biomarker source.’
Brain-derived neurotrophic factor (BDNF) and tumor necrosis
factor alpha (TNF-a) are two such biomarkers which have
demonstrated significant potential for early glaucoma
detection. BDNF plays a vital role in the development and
maintenance of the central nerve system.'® Optic nerve
damage in glaucoma patients disrupts the retrograde
transport of BDNF, leading to axonal dystrophy and further
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injury the optic nerve."* Studies have reported significantly
lower levels of BDNF in tear fluid of glaucoma patients (78.0
+ 25.1 pg mL™" compared to 116.2 + 43.1 pg mL™" in control
subjects) (Table S1f), particularly in the early stages of
glaucoma (56.8 + 10.3 pg mL™")."> Cytokines, such as TNF-a,
are also heavily involved in the pathophysiology of glaucoma,
particularly in the loss of retinal ganglion cells."® TNF-o is a
pro-inflammatory cytokine which plays various roles in the
optic nerve system through different receptors:'® through
TNF-receptor 2 (TNF-R2), TNF-a. exerts a neuroprotective
action via the PI3K pathway;'* however, activation of TNEF-
receptor 1 (TNF-R1) induces oxidative stress and
inflammation, leading to neurodegenerationn."*™"> Several
studies have demonstrated elevated levels of TNF-a levels in
tears, aqueous humor, and blood of glaucoma patients™®™°
(Table S17). These findings highlight the significant potential
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of BDNF and TNF-o. as dual biomarkers for the early
detection of glaucoma.

Lateral flow assays (LFAs) represent a promising
platform for point-of-care (POC) diagnostics due to their
rapid, user-friendly, and cost-effective nature. LFAs have
been widely used across various disciplines, including food
safety,®  environmental  monitoring®  and  disease
diagnosis.”> Compared to other standard protein detection
technologies such as enzyme-linked immunosorbent assays
(ELISA), LFAs offer significant advantages in terms of
speed, ease of wuse, and reduced dependence on
sophisticated  instruments and trained technicians,*
suggesting high suitability for POC diagnosis. Furthermore,
the sensitivity of LFA has been significantly enhanced due
to the development of various novel labels that generate

signals through mechanisms other than traditional
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Fig. 1 Scheme of the dual-test LFA and readout system. a. The LFA strip consisted of sample pad, conjugate pad, membrane, and absorbance pad.
The conjugate pad was impregnated with QB-labeled mouse sourced anti-human BDNF antibodies and anti-human TNF-a antibodies. The capture
antibodies for human BDNF and TNF-a were fixed at the membrane as two test lines to capture the mixture of analyte and QB-labeled detective
antibodies. The goat anti-mouse IgG specific to mouse sourced anti-human BDNF antibody and anti-human TNF-a antibody was printed in the
membrane as the control line. b. The schematic illustration of the readout system. The readout system consists of a 3D printed box and integrated
LED light, bandpass filter, and convex lens. The image of fluorescent LFA strips is captured by the smartphone camera and analyzed by ImageJ. c.

Real image of readout system.
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colorimetric methods.>® For instance, fluorescence-based
LFAs, particularly those utilizing quantum dots (QDs), have
attracted increasing attention due to their superior
analytical performance. QDs are notable for their narrow
emission spectrum, wide excitation range, and high levels
of brightness.>®?° It is reported that QD-based LFA provides
ten times more sensitivity than the commonly used gold
nanoparticle-based LFA.>” Moreover, emerging
strategies including quantum yield (QY) enhancement and
QD loading on nanocarriers have been developed to further
improve the sensitivity of QD-based LFA.*® Loading
quantum dots (QDs) onto the surface of nanocarriers, such
as SiO, nanoparticles or polystyrene nanobeads, results in
the formation of quantum nanobeads (QBs). This process,
which can be achieved through methods like
polyethyleneimine (PEI)-mediated electrostatic adsorption,
enhances the Iluminescent properties of QBs, thereby
improving the sensitivity of LFA devices.”* ' Wang et al.
introduced a QB-based LFA for SARS-CoV-2 antigen
detection with the limit of detection (LOD) of 5 pg mL ">’

several
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QB-based LFAs hold great potential as a platform for tear
biomarker analysis for glaucoma screening.

In this study, we developed a QB-based LFA for the
quantitative and simultaneous detection of BDNF and TNF-o
in tear fluid. The PEI-mediated electrostatic adsorption
method was used to generate a 2-layer SiO,-core QD-shell
nanocomposite. After conjugating with detective antibodies
for BDNF and TNF-a, the QB-antibody conjugates were
loaded at the conjugate pad (Fig. 1a). To simultaneously
detect the BDNF and TNF-a, the paired capture anti-BDNF
antibody and capture anti-TNF-o. antibody were printed at
certain areas at the membrane as the test lines (Fig. 1a). Goat
anti-mouse IgG which is species-specific for the detective
antibodies was dispensed as control line to validate the test.
Captured QBs were excited by selected light. The assembled
LFA strip was placed in a cassette and inserted into the dark
box, which was 3D printed and integrated with LED light and
bandpass filter for image capturing (Fig. 1b). The
fluorescence images were captured via smartphone camera
and the intensity was analyzed by Image]. As far as we are
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Fig. 2 Fabrication and characterization of QB. a. The schematic illustration of fabrication process of QB. The SiO; is treated with PEI to form a
positively charged layer. Subsequently, the QDs will self-adsorb onto the surface of the SiO,@PEI. By repeating the PEIl coating and QD adsorption
process, a double-layered QB is obtained. b. The fluorescence intensity of SiO,, SiO,@QD and SiO,@DQD. The inset in (b) displays the photographs
of the SiO,@QD and SiO,@DQD solution under blue light. c. The hydrodynamic size of SiO,, SiO,@QD and SiO,@DQD. d. The zeta potential of
SiO,, QD, SiO,@PEI, SiO,@QD and SiO,@DQAD. e. The fluorescence intensity of SiO,, SiO,@QD and SiO,@DQD. e The TEM images of (i) SiO,, (ii)
SiO,@PEl, (iii) SiO,@QD and (iv) SiO,@DQD. Scale bars represent 50 nm.
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aware, until now, no dual-target LFA has been developed for
tear biomarkers in glaucoma. This study introduces a
promising method for glaucoma detection by analyzing
BDNF and TNF-a via a QB-based dual-test LFA. The limit of
detection (LOD) for detection of BDNF and TNF-o reached to
4.13 and 3.39 pg mL™", respectively. The selectivity, accuracy
and stability were all demonstrated, making it a promising
tool for POC glaucoma screening. By providing a powerful
alternative for the quantitative analysis of tear fluid
biomarkers, this QB-based LFA addresses a critical need in
glaucoma detection, potentially improving early diagnosis
and treatment outcomes for patients worldwide.

Results and discussion
Fabrication and characterization of double-layer QBs

Attaching quantum dots to the surface of a nanocarrier can
improve the luminescent capacities of the label, significantly
enhancing the sensitivity of the LFA.** Si0, is widely used as
a nanocarrier due to its easily decorated properties and high
stability.”® As demonstrated in Fig. 2a, to fabricate double-
layer QBs, a layer-by-layer assembly strategy via PEI-mediated
electrostatic adsorption of QDs onto the surface of SiO,
sphere was used. After treatment with branched PEI under
sonication, multiple positive charges self-assemble on the
surface of the negatively charged SiO,. This allows multiple
negatively charged QDs to effectively attach to the surface,
forming a stable nanoparticle with higher luminescence
compared with a single QD.>**"** Moreover, the addition of
a second layer of the QD shell onto the SiO,@QD are
prepared as SiO,@DQD to further improve the loading of
QDs and fluorescence intensity.>>"*3

The fluorescent properties of the QB were characterized
using a microplate reader. The SiO, alone showed no
fluorescence signal, while the fluorescence intensity of
SiO,@DQD was approximately twice that of SiO,@QD
(Fig. 2b). This increase is attributed to the fact that the
amount of QD attached in SiO,@DQD is double that attached
in SiO,@QD. The absolute quantum yield of SiO,@DQD was
measured at 27.66%. These strong fluorescence properties of
SiO,@DQD ensure their practical use in the LFA strips. As
shown in Fig. 2c, the hydrodynamic diameter of SiO,,
Si0,@QD and Si0,@DQD were 208.53, 328.24 and 314.55
nm respectively, indicating the successful absorption of QDs
onto SiO,. The zeta potential significantly increased after the
PEI assembly and decreased with QD adsorption (Fig. 2d),
consistent with the theory that the synthesis of SiO,@DQD
was driven by the electrostatic adsorption of positively
charged PEL The morphology and structure of the
SiO,@DQD was characterized by transmission electron
microscopy (TEM) (Fig. 2e). Fig. 2ei-iv displays the high-
resolution TEM images of SiO,, SiO,@QD and SiO,@DQD
respectively. The SiO, is particles have an average diameter of
around 180 nm and exhibit a spherical morphology with a
smooth surface (Fig. 2ei). A transparent PEI layer with a
thickness of 2 nm was observed, supporting the successful
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coating of PEI onto the SiO, surface (Fig. 2eii). With the
successive double adsorption of the QDs, the number of QDs
on the SiO,@DQD surface is significantly higher than that on
the SiO,@QD surface (Fig. 2eiii and iv).

Optimization of the QB-based LFA strip

The carboxyl group functionalized QDs were employed in this
study. Double layers of QDs provided sufficient carboxyl
groups and an enlarged surface for antibody conjugation.
The 1-ethyl-3-(3-dimethylamino propyl)-carbodiimide (EDC)
and N-hydroxysulfosuccinimide sodium salt (NHS) mediated
coupling strategy was used to form a stable conjugate of QB
and anti-TNF-o. antibody. The carboxyl groups are activated
by EDC and interacted with the amino groups of the
antibodies (Fig. 3a). The average hydrodynamic diameter of
QBs and QB-antibody conjugates were 288.23 mm and 361.60
nm (Fig. 3b). The zeta potential value decreased from +41.52
mV for the QBs to +36.82 mV for the QB-antibody conjugates
(Fig. 3c). These results indicate the successful attachment of
antibody molecules onto the surfaces of the QBs. The TEM
image demonstrated a 5 mm gray layer surrounding the QB,
representing the antibody conjugated with the QBs (Fig. 3d).

A LFA strip typically consists of a sample pad, a conjugate
pad, a reaction membrane, and an absorbance pad. The
conjugate pad is crucial because the analyte in the sample
interacts with the labeled detective antibody on the conjugate
pad before the mixture moves to the membrane. Therefore,
pre-treatment of the conjugate pad is essential to maintain
antibodies stability and functionality, ensuring the consistent
and uniform release of analyte-antibody mixtures.>* Bovine
serum albumin (BSA), sucrose, and Tween 20 are 3 major
components of the treatment buffer.*> BSA reduces non-
specific binding between QB-antibody conjugate and the
pad.’” During the drying process sucrose coats the surface of
the conjugate, preserving its bio-functionaliyt.>> Tween 20, a
common detergent, aids with the release of the conjugate
from the pad.’® Aggregation of the conjugates is another
significant concern, and it has been reported that a higher
concentration of Tween 20, such as 5%, can reduce
aggregation through the formation of micelles around the
conjugates.® To further characterize the effect of Tween 20,
the conjugate was treated with PBS buffer containing Tween
20 concentrations of 0, 5, 10 to 15% (v/v). As shown in
Fig. 3e, most of the conjugate remained on the conjugate pad
when treated with buffer without Tween 20. A concentration
of 10% of Tween 20 provided a brighter control line. The
signal at the control line decreased when the Tween 20
concentration reached 15% (Fig. 3e). This is because a high
concentration of detergent can inhibit the conjugate from
adhering to the antibody.

The shape of the test and control lines play an important
role in improving the accuracy of the result analysis. In this
study, a liquid-dispensing instrument, Linomat 5, was used
to evenly print the lines. The volume loaded in a specific area
affects the performance of the LFA strip so the optimal

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Fabrication of QB-antibody conjugate and optimization of LFA strip. a. Schematic illustrating the fabrication of QB-anti-TNF-o detective
antibody conjugate by EDC/NHS strategy. b. Hydrodynamic diameter of QB and QB-detective anti-TNF-o antibody conjugate. c. Zeta potential of
QB and QB-detective anti-TNF-o antibody conjugate. d. The TEM images QB-detective anti-TNF-a antibody conjugate. Scale bars represent 50
nm and 20 nm. e. Optimization test of Tween 20% in the pre-treatment buffer of conjugate pad. f. Fluorescence intensity of the control line when
printed different volume of anti-mouse IgG antibody. g. Ratio of emission intensity of the test line to the control line when printed different volume
of anti-TNF-a capture antibody. Differences in the ratio were compared using one-way ANOVA, P < 0.05 was considered as statistically significant

(3 strips for each group, ***P < 0.001).

volumes for the test line and control line were investigated.
Anti-mouse-IgG antibody solution at a concentration of 2
mg mL™" was printed as the control line with dispense
volumes of 0.5, 1.0, 1.5, 2.0 pL cm . After loading the
running buffer, the fluorescence signal of the control line
was analyzed. The ideal line width is between 0.8 to 1
mm,*” therefore the analysis area was 3 mm by 8 mm (the
grey box in Fig. 3f and g). As it shown in Fig. 3f, a higher
volume of solution increased the width of the line.
Additionally, a higher volume of antibody solution enhanced
signal strength due to the increased quantity of antibodies,
leading to greater capture of the QB-antibody-analyte
mixture. It was evident that loading 1.5 puL cm™ anti-
mouse-IgG antibody solution provided higher fluorescence
intensity and formed an evenly distributed line. For the test

This journal is © The Royal Society of Chemistry 2025

line, the anti-TNF-o. capture antibody solution should be
dispensed in 2 pL em™ (Fig. 3g).

Performance of the single test LFA strip

A single test TNF-ao LFA strip was firstly developed under
optimal conditions. The performance of the lateral flow assay
(LFA) strip in quantitatively measuring TNF-o. was firsted
evaluated by introducing samples containing varying
concentrations of TNF-a. When excited by the blue light, two
distinct visible red fluorescence bands become apparent: a
test line and a control line. When the concentration of TNF-a
increased from 0 to 400 pg mL™", the fluorescence intensity
of the test line exhibited a corresponding increase, and the
signal from the control line remained unchanged (Fig. 4a).

Lab Chip, 2025, 25, 2291-2303 | 2295
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Fig. 4 TNF-a and BDNF detection in artificial tear fluid using single-test LFA strip. a. Fluorescence images of the strips before and after loading
artificial tear fluid samples with varying concentrations of TNF-a. b. The linear relationship between emission intensity ratio of teat line to control
line (/1) and TNF-a concentration. c. The emission intensity ratio (I;/I.) after loading artificial tear fluid contains different proteins, including BDNF
(200 pg mL™) and CNTF (60 pg mL™), with or without TNF-a. (100 pg mL™). d. The emission intensity ratio (I/I.) after loading artificial tear fluid
sample with 100 pg mL™ TNF-a concentration at different pH values. e. The recovery test in artificial tear fluid with concentrations of 80, 160, 240
and 320 pg mL ™. f. The emission intensity ratio (//I.) after loading the artificial tear fluid sample with TNF-o. concentrate in 100 pg mL™ to strips
stored in the lab environment for 0, 1, 2, and 4 weeks in the dark, respectively. g. The fluorescence images of the reading area of the strips before
and after loading artificial tear fluid samples with different volumes of BDNF. h. The linear relationship between the emission intensity ratio and
concentration of BDNF. i. The emission intensity ratio after loading artificial tear fluid samples containing different components: both TNF-a (100
pg mL™) and BDNF (100 pg mL™), TNF-a (100 pg mL™) only, BDNF (100 pg mL™) only and neither.

The fluorescence intensity of test lines and control lines were
quantified through Image], and the intensity ratio of test and
control lines (I/I.) was calculated. Consequently, a standard
curve was created to demonstrate the relationship between I/
I. and TNF-o levels ranging from 0 to 400 pg mL™" (Fig. 4b).
This range covers the health range of TNF-a (110.7 + 87.2 pg
mL™)*® and can distigusih between glaucoma patients and

2296 | Lab Chip, 2025, 25, 2291-2303

healthy patients, who typically have increased TNF-a. level in
their tear fluid."® The R? value was 0.9902, and the detection
limit (LOD) was determined to be 5.49 pg mL™" using the
international union of pure and appl. chem. (IUPAC) protocol
(LOD = ypiank + 3 SDpiank)-

A selectivity test was performed to exclude the effect of
well-studied glaucoma biomarkers: BDNF'*> and CNTFE.*® As

This journal is © The Royal Society of Chemistry 2025
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shown in Fig. 4c, the presence of BDNF or CNTF within the
artificial tear fluid samples does not yield positive results.
Moreover, when loading artificial tear fluid samples
containing both BDNF and TNF-a, or CNTF and TNF-q, the
I/I. values were similar to those of samples only containing
only TNF-a (Fig. 4c). The remarkable selectivity of this strip
to TNF-o indicates the high specificity of these antibodies,
making it suitable for the development of multiplex test
LFAs.

The effect of pH was also considered, as the pH of tears
ranges from 6.5 to 7.6," and be more acidic in certain
disorders or due to medication usage, such as in
glaucoma.*** Artificial tear fluid samples containing 100 pg
mL™" CNTF with a pH range from 5.0 to 8.0 were prepared to
assess the stability of the TNF-o LFA strip under different pH
conditions. The results showed minimal differences between
different groups (Fig. 4d), indicating the negligible effect of
pH. The accuracy of this LFA strip were assessed using
artificial tear fluid samples spiked with different
concentrations of TNF-a (80, 160, 240 and 320 pg mL™"). The
measured level of TNF-a in these samples were 78.85, 163.02,
252.81 and 350.11 pg mL™', with recoveries ranging from
98.56% to 109.41% (Fig. 4e). These results demonstrate the
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high accuracy of the strip in detecting TNF-o. The
performance of this LFA was also evaluated after being stored
for 1 to 4 weeks under room temperature in opaque
aluminum foil pouches with desiccants. Even after a month
of storage, the I/I. values remain consistent with those
obtained using freshly fabricated strip (Fig. 4f).

A single test strip for BDNF detection was then developed
following the same setting as the aforementioned TNF-o. LFA.
Brighter test lines were observed after loading artificial
samples with higher levels of BDNF (Fig. 4g), and a standard
curve with an LOD 4.43 pg mL ™" was established (Fig. 4h). To
further develop the dual-test LFA for the simultaneous
detection of TNF-o. and BDNF, it was essential to verify the
absence of cross-reactivity between TNF-o. and BDNF, as well
as their respective antibody pairs. Artificial tear fluid samples
were prepared to contain both TNF-o. and BDNF, TNF-o only,
BDNF only, or neither of them. Anti-TNF-a detective antibody
and anti-BDNF detective antibody were printed separately to
the membrane, forming two distinct test lines. The prepared
samples were then tested by this dual-test LFA. As shown in
Fig. 4i, the TNF-o. and BDNF groups exhibited distinct signal
bands on their corresponding test lines, while the negative
control sample demonstrated no perceivable fluorescence
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Fig. 5 Fabrication and characterization of dual-test LFA strip for simultaneous quantitation of BDNF and TNF-a. a. The fluorescence images of the
dual-test strips before and after loading artificial tear fluid samples with varying concentrations of BDNF and TNF-a. b. The linear relationship
between emission intensity ratio and concentration of TNF-a. c. The linear relationship between emission intensity ratio and concentration of
BDNF. d. Recovery results for BDNF and TNF-a spiked in artificial tear fluid samples. e. The emission intensity ratio after loading artificial tear fluid
contains different proteins, including positive control TNF-a (100 pg mL™%) and BDNF (100 pg mL™?), negative control (no extra protein), CNTF (60
pg mL™), lactoferrin (2.2 mg mL™) and IL-6 (30 pg mL™). f. The emission intensity ratio after loading artificial tear fluid sample with TNF-a
concentrate in 100 pg mL™* and BDNF concentrate in 100 pg mL™ to strips stored in the lab environment for 0, 1, 2, and 4 weeks in the dark,

respectively.
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Table 1 Recovery results for BDNF and TNF-a spiked in artificial tear fluid samples
Condition Added level (pg mL™") Detected level (pg mL™) Recovery CV* (%)
Sample 1 (glaucoma) BDNF: 60 57.05 95.08% 7.81
TNF-o: 320 338.98 105.93% 4.42
Sample 2 (normal) BDNF: 120 120.58 100.48% 8.91
TNF-a: 160 169.55 105.97% 8.89
Sample 3 (smoker) BDNF: 240 232.12 96.72% 7.81
TNF-a: 80 90.01 112.51% 7.03
Sample 4 BDNF: 180 174.41 96.89% 8.47
TNF-a: 40 42.81 107.01% 6.22

¢ CV: coefficient of variation (n = 3).

signal. These results demonstrate minimal cross-reactivity
between TNF-o. and BDNF, and a strong ability to distinguish
these two biomarkers in tear samples.

Dual-test LFA strip for simultaneously detection of TNF-a
and BDNF

To increase the sensitivity and specificity of our test, we
created a dual LFA capable of concurrently assessing TNF-o
and BDNF, which exhibit opposing trends in disease
progression of glaucoma. The feasibility of this dual-test LFA
strip for simultaneous and quantitative detection of TNF-a
and BDNF was verified by varying concentration of TNF-o (0-
400 pg mL™") and BDNF (0-300 pg mL™"). There are two
major strategies for multiplexing LFA: positioning test lines
spatially separately on a single strip and arranging multiple
strips in an array format.** Although the second approach
reduces the risk of reciprocal interference between assays, it
significantly increases the costs of fabrication and sample
volume required. Moreover, the limited cross-reactivity
between our target analytes and their antibodies also meets
the requirements for fabricating the dual-test LFA in the first
format. Therefore, a LFA strips with two test lines and one
control line was fabricated. As shown in Fig. 5a, the
fluorescence intensity of both test lines 1 and 2 gradually
increased with higher levels of TNF-o. and BDNF. Similar with
the single-test LFA, two standard curves were constructed by
plotting Ii/I. against concentrations of TNF-o. and BDNF with
the R values 0.9942 and 0.9901, respectively. The LODs for

Table 2 Comparison of methods for TNF-a. and BDNF detection

TNF-a. and BDNF were 3.39 pg mL ' and 4.13 pg mL ",
comparable with commercial ELISA kits with LODs of 4.32 pg
mL ™" and 2.40 pg mL ™" (Table 2).

To evaluate the practical applications of this dual-test LFA
strip, the assay was then conducted to detect TNF-o and
BDNF spiked in artificial tear fluid samples. For instance,
sample 1 was spiked with 320 pg mL™" TNF-a and 60 pg
mL™ BDNF to simulate tears from patients with primary
open-angle glaucoma (POAG). For those tears collected from
people without POAG, 160 pg mL ™" TNF-o. and 120 pg mL™"
BDNF were spiked. As shown in Fig. 5d and demonstrated in
Table 1, the average recoveries of the LFA strip ranged from
95.08% to 112.51% for TNF-a and from 105.93% to 107.01%
for BDNF. These results demonstrate the high accuracy of
this dual-test LFA for the simultaneous quantification of two
biomarkers. The coefficient of variations (CV) for both TNF-a
and BDNF were calculated, ranging from 4.42% to 8.91%,
well within the acceptable limit (less than 10%), indicating
excellent reproducibility (Table 1).

To further characterize the practical application, the
selectivity of the dual-test LFA to other interfering substances
involved in glaucomatous processes including CNTF,”"
lactoferrin,”® lysozyme®® and IL-6 (ref. 17) was also
investigated. As shown in Fig. 5e, two fluorescence bands
were observed when loading artificial tear samples
containing 100 pg mL™" TNF-o. and 100 pg mL™' BDNF,
whereas samples contain CNTF, lactoferrin, lysozyme and IL-
6 exhibited extremely low perceivable fluorescence signaling
on the test lines. These results demonstrated high specificity

Analyte  Detection methods Label Body fluid LOD Ref.
TNF-o Multi-test LFA Up conversion nanoparticles  Gingival crevicular fluid ~ 4.439 ng mL ™~ 44
Dual-test LFA Fluorescent microspheres Plasma 10.7 pg mL™" 45
Electrochemical impedance spectroscopy = — Human serum 1 pg mL™" 46
Electrochemical immunosensor Carbon dot Human serum 0.05 pg mL™" 47
ELISA Enzyme — 4.32 pg mL™’ —
LFA QB Artificial tear 3.39 pg mL™" This work
BDNF Biolayer interferometry 3D aptasensor Human serum 0.2 ng mL™ 48
Electrochemical EndoChip Gold film Human blood 0.2 ng mL™" 49
LFA Gold nanoparticle Artificial tear 1412 pg mL™" 50
ELISA Enzyme — 2.4 pg mL™" —
LFA QB Artificial tear 4.13 pg mL™" This work
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to TNF-o. and BDNF. To assess the storage stability of this
dual LFA, the prepared LFA strips were sealed in an
aluminum foil bag containing a desiccant and stored at room
temperature. After 1, 2 and 4 weeks, artificial tear fluid
samples contain 100 pg mL™" TNF-o. and 100 pg mL™" BDNF
were loaded and I/I. values were obtained. The consistent I/
I. values indicate outstanding stability after 4 weeks of
storage (Fig. 5f). The relatively low storage requirements
demonstrate that this LFA strip is suitable to be used in POC
settings and could significantly reduce the cost of
transportation.

In POC diagnostics, multiplex testing offers significant
advantages by providing comprehensive diagnostic
information. This is particularly important because the
progression of complex diseases, such as glaucoma, is
difficult to accurately assessed by measuring a single
biomarker. As a result, there is a growing need for
technologies capable of detecting multiple biomarkers
simultaneously. In recent years, several technologies have
emerged to address this need. One prominent example is
protein microarrays, or protein chips.”**> These platforms
immobilize antibodies, enzymes, or other probes on a solid
carrier, such as plastic or glass, enabling the capture of
specific analytes.”>® Over the past decade, protein
microarrays have evolved to quantify dozens, or even
hundreds, of analytes simultaneously, making them powerful
tools for multiplex testing. Another well-established
technology is the Luminex xXMAP bead-based system.>*>” This
approach attaches antibodies, ligands, or nucleic acids
specific to the target analytes onto fluorescence beads,”®>’
allowing the detection of up to 500 different analytes in a
single test.”” Several companies now offer customizable
assays, allowing clients to add specific probes for tailored
detection needs.

While both microarrays and Luminex technology exhibit
remarkable sensitivity, specificity, and high throughput,
they also come with certain limitations. These technologies
require expensive equipment and skilled personnel to
perform the tests and analyze the results, which limits their
accessibility—particularly in POC settings.”® Additionally,
the high costs associated with array fabrication and
reagents further restrict their use in routine diagnostics.”®
The development of multiplex LFA combines the strengths
of traditional LFA, such as ease of use, portability, low cost,
and rapid response, with the advantages of multiplex
testing.”” Recently, many studies have focused on
developing multiplex LFA for disease diagnostics. For
instance, Ekman et al. developed a dual-test LFA based on
upconverting nanoparticles, capable of measuring the
cancer-specific CA125-STn-glycosylation and CA15-3-STn-
glycosylation in ascites fluid.>* Another study analyzed the
cost-effectiveness of a multiplex LFA for diagnosing enteric
fever and dengue in Cambodia and Bangladesh,
demonstrating that this technology is highly effective and
cost-saving in low- and middle-income regions.®® These
examples underscore that multiplex LFA can meet the cost-

This journal is © The Royal Society of Chemistry 2025
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effectiveness  requirements  for
particularly in POC settings.

In this study, we introduce a dual-test LFA, which
represents a pioneering approach by simultaneously
detecting biomarkers TNF-o. and BDNF, with a specific focus
on glaucoma detection. Compared to individual biomarker
detection tests, this dual-test LFA not only increases
throughput, reduces sample and reagent requirements, and
shortens analysis time but also significantly improves the
accuracy of glaucoma detection. The SiO,@DQD label, with
its core-dual shell nanostructure containing numerous QDs,
enhances the performance of the dual-test LFA, achieving
superior sensitivity with LODs of 3.39 pg mL™" for TNF-a. and
4.13 pg mL™" for BDNF. These LOD values are notably lower
than the physiological range of TNF-a (approximately 100 pg
mL™ in healthy individuals, with higher levels in patients)
and BDNF (78.0 + 25.1 pg mL™" in patients compared to
116.2 + 43.1 pg mL™" in healthy controls), allowing for clear
differentiation between patients and healthy individuals.
These LOD values are also lower than those reported for most
paper-based detection platforms, including our previous work
(Table 2). The high-performing antibodies for TNF-o. and
BDNF provide the dual-test LFA with exceptional selectivity,
high accuracy with recovery ranging from 95.08% to
112.51%, as well as excellent reproducibility. Overall, the
performance of this dual-test LFA is comparable to the gold
standard protein detection method, ELISA but without
requiring costly instruments or well-trained technicians,
making this dual-test LFA particularly suitable for POC
settings (Table S27).

Quantitative analysis of fluorescence signals is a crucial
factor in achieving accurate biomarker measurement in LFA.
Several research groups have utilized commercial strip
readers, such as the FIC-S1 fluorescent strip reader,®" for
fluorescence signal detection****®' (Table S3t). However,
these commercial devices often suffer from several
limitations, including high cost, lack of portability, and the
need for specialized equipment and maintenance. Some
groups have developed portable readout devices. For
instance, a previously reported system consisted of a
handheld readout device wirelessly connected to a
smartphone for quantitative result analysis®® (Table S31).
This system uses an optical detection module on a stepping
motor to scan the test strip, with photodiodes capturing the
fluorescence signal before transmission to smartphone via
Wi-Fi or Bluetooth.®> While this improves portability, the
multi-step signal conversion—from optical detection to
electrical signals and then wireless transmission—may
introduce signal loss, reducing accuracy. Additionally,
reliance on Wi-Fi or Bluetooth can limit usability in resource-
limited settings. We adopted a different approach by
employing a 3D-printed readout box, where fluorescence
signals were directly captured using a smartphone camera.
Modern smartphones are equipped with high-resolution
cameras, ensuring accurate fluorescence imaging with
minimal signal loss. Our results also demonstrated the

glaucoma  screening,
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excellent
methods.

This study introduces an innovative approach to glaucoma
monitoring by analyzing TNF-o. and BDNF levels in tears
using a QB-based LFA system. This dual-test LFA is ideal for
meeting the demand for sensitive, rapid, and quantitative
measurement of TNF-o and BDNF levels in tears within POC
settings.

performance of smartphone-based analysis

Conclusion

In this work, a QB-based dual-test LFA strip was developed
for the highly sensitive and simultaneous quantitative
detection of TNF-o. and BDNF levels in tear fluid. The
innovative QB labels were fabricated via PEI-mediated layer-
by-layer electrostatic adsorption, resulting in hundreds of
QDs covering the surface of a SiO, core. Consequently, this
dual-test LFA exhibits outstanding detection capability, with
LOD of 3.39 pg mL™" for TNF-o. and 4.13 pg mL ™" for BDNF.
The LFA also demonstrated excellent accuracy and
reproducibility. The minimal cross-reactivity observed with
other factors associated with glaucoma pathogenesis in tear
fluid indicates a high degree of selectivity, comparable to
commercially available standard methods. Furthermore, the
smartphone-assisted readout system proved to be user-
friendly and cost-effective, making it well-suited for point-of-
care diagnostics and screening.

This QB-based LFA demonstrates significant potential as a
robust platform for tear fluid analysis. The LODs of this LFA
are low, surpassing the minimal physiological concentrations
of TNF-o. and BDNF, ensuring accurate measurement even
within the lower ranges of these biomarkers’ physical
presence. Additionally, the QB-based LFA can simultaneously
measures two different biomarkers, significantly enhancing
the efficiency and speed of the test. This multiplex capability
conserves valuable tear samples, which are often available in
limited quantities, and reduces the likelihood of false results,
thereby improving overall test accuracy.

This platform has great potential for expansion to detect
multiple biomarkers on a single strip, further enhancing its
sensitivity and specificity. The implementation of an
automated smartphone reading application, will enable the
test to become more accessible and user-friendly, even
outside clinical environments. Further clinical trials are
needed to validate the performance of this dual-test LFA.
Standardized tear collection methods, such as Schirmer
strips or microcapillary tubes, will be implemented to obtain
a fixed tear volume, followed by appropriate dilution
strategies to ensure consistency across samples and enhance
the assay's robustness and reliability in clinical applications.
Overall, the developed dual-test LFA presents an optimal
solution for timely, cost-effective, and precise glaucoma
screening in POC settings. This proposed method not only
holds significant promise for glaucoma detection but also
possesses considerable market potential.
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Materials and methods
Materials and instruments

Albumin, bovine serum albumin, calcium chloride, glucose,
magnesium chloride, phosphate-buffered saline, potassium
chloride, sucrose, tween 20, sodium chloride, lysozyme,
lactoferrin, tris-hydrochloride, tris base, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide sodium salt (NHS) and
carboxylic group functionalized CdSe/ZnS core-shell
quantum dots were obtained from Sigma-Aldrich. All
components of the lateral flow test strip, including the
backing, sample pad, conjugate pad, react membrane
(FF170HP), and absorbent
Whatman.

The absorbance spectrum was measured through a
microplate reader (Varioskan LUX Multimode,
ThermoFisher). The quantum dots, SiO,, quantum beads
were characterized by the microplate reader, high-resolution
transmission electron microscope (TEM) (JEOL STEM/TEM
2100Plus), and Litesizer (Anton Paar). The QD-antibody was
purified with the centrifuge (Thermo Scientific). The test line
and control line were dispensed by a liquid dispense system
(CAMAG® Linomat 5). The readout box was produced by the
3D printer (UltiMaker S7 Pro Bundle). The images were
captured by iPhone X.

pad, were obtained from

Fabrication of quantum bead

SiO, based high intensity QB was fabricated via PEI-based
electrostatic self-assembly strategy. First, 16 uL of SiO, was
added into the 40 mL of aqueous PEI solution and sonicated
for 50 min. Then, the resulting SiO,@PEI spheres were
washed with DDI water by centrifugation (6000 rpm, 8 min)
three times under room temperature to remove unreacted
PEIL The SiO,@PEI were redispersed in 4 mL of DDI water
and mixed with 16 puL of QDs solution for 60 min stirring.
The QDs rapidly self-assembled onto the surface of the
positively charged SiO,@PEI to form SiO,@QD. The
obtaining SiO,@QD were centrifuged (5000 rpm, 6 min) at
room temperature and dissolved in 4 mL of DDI water. The
PEI coating and QD adhering process was repeat again to
generate SiO,@DQD. Finally, the prepared SiO,@DQD were
collected by centrifugation (5000 rpm, 6 min) and stored in 4
mL of ethanol for future use.

QBs and antibody conjugation

The QBs and detective antibody conjugate were prepared
through the EDC/NHS strategy. 1 mL of prepared SiO,@DQD
was centrifuged and resuspended in a tube with 500 uL MES
solution (0.1 M, pH 5.5). 5 uL of fresh EDC (0.1 M) solution
and 10 pL of fresh NHS (0.1 M) solution were added and
reaction for 5 min. The activated SiO,@DQDs were
centrifuged (5000 rpm, 6 min) and resuspended in 0.2 mL of
PBS solution (pH 7.4, containing 0.05% Tween 20).
Subsequently, 40 pL of detective anti-TNF-a antibody (0.5 mg

This journal is © The Royal Society of Chemistry 2025
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mL™") was added into the mixture and incubated for 2 hours
at room temperature. Next, 100 uL of 10% BSA was added to
block any unreacted carboxyl sites of Si@DQD antibody
conjugate. Finally, the mixture was centrifuged at 5000 rpm
at room temperature for 6 min, and the precipitate was
suspended in 200 uL of PBS solution containing 1% BSA.

Preparation of the LFA strip

The LFA strip consisted of sample pad, conjugate pad,
membrane and absorbance pad. The sample pad treated with
PBS buffer containing tween 20 (1% v/v) and BSA (1% w/v).
The conjugate pad was pre-treated with the conjugate pad
buffer containing different volume of tween 20, BSA (1% w/v)
and sucrose (5% w/v). 10 pL QB-anti-BDNF antibody
conjugate and QB-anti-TNF-o. antibody mixture solution was
loaded into the conjugate pad. The detective anti-BDNF
antibodies and detective anti-TNF-o. antibodies were
dispensed into membrane in test line 1 and test line 2 using
a dispensor. The donkey anti-mouse IgG antibodies were
loaded at the control line in the membrane. All parts of the
LFA strips were assembled at a backing with a 2 mm overlap
finally.

Image captured and data analysis

The image capture box and LFA case were made by 3D
printing. The images were captured by iPhone X camera.
Then the images were converted into 8-bit black/white by
Image]. Image] obtained the grey values of selected bands
representing their fluorescence intensity.

The LOD was calculated using eqn (1).

LOD = Mean of blank data + 3
x (Standard deviation of blank data) (1)

The coefficient of variation (CV%) was calculated using eqn

(2)-
CV% = Standard deviation/Mean 2)

The results were shown as I;/I.. Each group contained at least
three strips.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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