
Lab on a Chip

PAPER

Cite this: Lab Chip, 2022, 22, 3521

Received 10th May 2022,
Accepted 2nd August 2022

DOI: 10.1039/d2lc00431c

rsc.li/loc

Quantitative brain-derived neurotrophic factor
lateral flow assay for point-of-care detection of
glaucoma†

Yue Wu,ab Yubing Hu, *a Nan Jiang,c Rajeevan Anantharanjit,bd

Ali K. Yetisen a and M. Francesca Cordeiro *bdef

Glaucoma, a ruinous group of eye diseases with progressive degeneration of the optic nerve and vision

loss, is the leading cause of irreversible blindness. Accurate and timely diagnosis of glaucoma is critical to

promote secondary prevention and early disease-modifying therapies. Reliable, cheap, and rapid tests for

measuring disease activities are highly required. Brain-derived neurotrophic factor (BDNF) plays an

important role in maintaining the function and survival of the central nervous system. Decreased BDNF

levels in tear fluid can be seen in glaucoma patients, which indicates that BDNF can be regarded as a novel

biomarker for glaucoma. Conventional ELISA is the standard method to measure the BDNF level, but the

multi-step operation and strict storage conditions limit its usage in point-of-care settings. Herein, a one-

step and a portable glaucoma detection method was developed based on the lateral flow assay (LFA) to

quantify the BDNF concentration in artificial tear fluids. The results of the LFA were analyzed by using a

portable and low-cost system consisting of a smartphone camera and a dark readout box fabricated by 3D

printing. The concentration of BDNF was quantified by analyzing the colorimetric intensity of the test line

and the control line. This assay yields reliable quantitative results from 25 to 300 pg mL−1 with an

experimental detection limit of 14.12 pg mL−1. The LFA shows a high selectivity for BDNF and high stability

in different pH environments. It can be readily adapted for sensitive and quantitative testing of BDNF in a

point-of-care setting. The BDNF LFA strip shows it has great potential to be used in early glaucoma

detection.

Introduction

Glaucoma is one of the most stimulating challenges in the
field of ophthalmology, and a significant public health
concern worldwide. It is estimated that approximately 111.8
million people will suffer from glaucoma by 2040.1 Glaucoma
is normally asymptomatic at the early stage and progresses
slowly, and delayed diagnosis will cause irreversible vision

loss.2,3 Undoubtedly, early diagnosis of glaucoma based on
effective screening programs should be a priority to prevent
the progression of the disease, safeguard a patient's well-
being, and reduce personal and national expenditure.
Measurement of intraocular pressure (IOP) and assessing the
structure of the optic nerves are routinely used in glaucoma
screening.4 Despite their effective analytical results, there is
still plenty of room to improve the performance, convenience,
and cost. A reliable, inexpensive, and rapid screening test is
highly desired to facilitate the screening efficiency.5

Biomarker analysis may have great potential to improve the
early assessment of disease activity in glaucoma.6 Moreover,
due to noninvasive accessibility,7 tear fluid provides an ideal
platform for the biomarker detection of ocular diseases,
including glaucoma. Many proteomics studies have
investigated tear fluid to explore potential biomarkers for
glaucoma and have demonstrated some candidates such as
lysozyme C (LYZ), protein S100, immunoglobulins, prolactin-
inducible protein, and phosphorylated cystatin-S (CST4).8,9

However, none of these biomarkers show strong correlations
with glaucoma onset and/or progression, and their
involvement in glaucoma disease activity still needs to be
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established. Brain-derived neurotrophic factor (BDNF) plays
an important role in regulating the survival, development,
function, and plasticity of the nervous system.10 Damage of
the optic nerve in glaucoma leads to the interruption of
retrograde transportation of BDNF which has a significant
influence on further axonal dystrophy in glaucoma
progression11 (Fig. 1a). Studies have already shown that
concentrations of BDNF in tears significantly decrease in both
normal tension glaucoma (NTG)12 and primary open-angle
glaucoma (POAG).13 For instance, BDNF was 116.2 ± 43.1 pg
mL−1 in control subjects and 78.0 ± 25.1 pg mL−1 in POAG
patients.13 Therefore, BDNF has great potential to be regarded
as an ideal biomarker for glaucoma and it is therefore
necessary to develop a method to detect the BDNF tear level
especially in a POC environment.

Currently, the enzyme-linked immunosorbent assay
(ELISA) is the standard method to quantify the BDNF level.14

Although it can provide accurate and convincing results, the
demand for expensive instruments and well-trained
technicians limits its application in point-of-care (POC)
settings.15 It is therefore highly desirable to develop a low-
cost, simple and highly sensitive method for BDNF detection
to help with glaucoma screening. The lateral flow assay (LFA)
is a widely used paper based POC diagnostic tool and has
attracted extensive interest in rapid testing due to its fast,
inexpensive, and user-friendly features.16,17 Gold
nanoparticles (AuNPs) have been used for their high stability,

easy conjugation with biomolecules, and strong colorimetric
intensity.18 A AuNP-based LFA has already been applied in
analysis of biomarkers such as SARS-CoV-2,19 human
chorionic gonadotropin (hCG)20 and cancer biomarkers.21

Despite this, only a few LFA products for tear fluid analysis
are available on the market. For instance, InflammaDry is a
commercial device for dry eye disease that is designed to
detect the concentration of matrix metalloproteinase-9
(MMP-9) in tear fluid with a limit of detection (LOD) of 40 ng
mL−1.22,23 However, one of the main challenges in detecting
BDNF levels in tears is the relatively low concentration which
only ranges from 25.0 to 203.0 pg mL−1 in both glaucoma
patients and healthy volunteers.13 In addition, most of these
LFA tests including InflammaDry are qualitative and merely
indicate the presence/absence of the analyte.24 Finally, the
levels of BDNF differ in different stages of POAG: 56.8 ± 10.3,
92.4 ± 34.9, 80.1 ± 20.4, and 76.7 ± 20.2 pg mL−1 in the early,
moderate, advanced and severe stages respectively.13

Quantitative detection of tear BDNF can differentiate the
severity and the stage of glaucoma. Therefore, optimizing the
component materials, improving the properties of the label
and designing a sensitive read system are necessary to
fabricate a highly sensitive quantitative LFA for the detection
of BDNF.

In this study, a LFA strip was developed as a portable
analytical device for the rapid and quantitative detection of
BDNF in tear fluid for the first time. The design of the LFA

Fig. 1 Schematic illustrating the devices used to test the concentration of BDNF in tears. a) The illustration indicates the glaucomatous changes
of the transports of BDNF. BDNF is generated in the superior colliculus and retrogradely transported to the retinal ganglion cell body through
axons. Glaucomatous damage leads to apoptosis of RGCs and the disruption of the BDNF transport to retinal ganglion cells. b) The illustration
indicates the mechanism of the LFA device. A liquid sample with BDNF is loaded into the sample pad and migrates to a conjugate pad. The
conjugate pad is impregnated with AuNP labeled antibodies which can interact with analytes in the sample. The labelled analytes then migrate to
the reaction membrane where antibodies for the desired analyte are fixed at a certain area (test line). Images of the LFA strip are captured using a
smartphone camera. The concentration of BDNF is quantified by measuring the colorimetric intensity.
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strip for BDNF detection is shown in Fig. 1b. Specifically,
capture anti-human BDNF antibodies and rabbit anti-mouse
IgG2a antibodies were dispensed into a reacting membrane
to serve as the test line and the control line, respectively
(Fig. 1b). Detective anti-human BDNF antibodies were
conjugated with AuNPs and loaded on a conjugate pad. A 40
nm AuNP was chosen to serve as the colorimetric reporter
size because of its higher sensitivity compared with other
AuNP sizes.25,26 The optimal concentration of detective
antibodies and pH values were studied. After adding the
artificial tear fluid containing BDNF to the LFA strip, red
bands were observed at the test line and the control line. The
red band in the test zone indicated the existence of BDNF
and its concentration was analyzed by calculating the delta
RGB, which was believed to provide a consistent correlation
with antigen concentration in a single color shift test.27 An
optical analyzing system consisting of a smartphone camera
and a readout box was used to measure the intensity to
quantify the concentration of BDNF. The presence of a red
band on the control line demonstrated the feasibility of the
LFA strip. The selectivity, stability, and recovery were verified

to detect BDNF levels in tears and reflect the disease activity
of glaucoma at POC settings.

Results and discussion
BDNF detection by commercial ELISA

ELISA is regarded as a standard method to quantify target
antigens or antibodies in a biological sample based on the
antigen–antibody interaction.28,29 The target analyte was fixed
by the capture antibodies. The detective antibodies were
combined with horseradish peroxidase (HRP) which can
interact with 3,3′,5,5′-tetramethylbenzidine (TMB) to produce
color changes (Fig. S1a†). A microplate reader was used to
measure the colorimetric intensity through absorption.29 To
obtain a standard curve, standard samples with BDNF
concentrations of 1000, 500, 250, 125, 62.5, 31.25, and 15.63
pg mL−1 were prepared over serial dilutions. Absorbance
spectra were collected at a wavelength range from 400–550
nm. The results showed that the absorbance peak was
located at 450 nm and there was a positive relationship
between the absorbance maximum and the BDNF

Fig. 2 Measurement of the human BDNF ELISA kit. a) Human BDNF standard curve for the ELISA test. b) The selectivity test for albumin. BDNF
samples (concentration of 200 pg mL−1) and Tris buffer were prepared and contained albumin at different concentrations (0, 2, 4, 6 mg mL−1). c)
The absorbance signal of the sample with common ions including Na+, K+, Ca2+, Mg2+, and glucose. d) The effect of pH value (6.4–7.8) of artificial
tear fluid on the ELISA test with a BDNF concentration of 200 pg mL−1. Error bars represent the standard error of the mean (SEM). n = 3.
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concentration (Fig. S1b†). The absorption peak readings at a
wavelength of 450 nm were plotted into a four-parameter
logistic (4PL) curve model and R2 = 0.9974 indicated that the
curve fitted the data points well (Fig. 2a).

To detect the selectivity of the human BDNF ELISA kit,
different constituents were selected, and they were albumin,
Na+, K+, Ca2+, Mg2+, and glucose. A control detection was
firstly performed to detect the effect of albumin at 3 different
concentrations (Fig. 2b). The results indicated that albumin
displayed no obvious influence on the absorption of both
BDNF and blank solutions. The selectivity tests of the BDNA
ELISA kit in response to electrolytes and glucose
demonstrated that these analytes had negligible interference
in the BDNF detection (Fig. 2c). A pH-dependence study was
conducted at a pH range of 6.4–7.8 with 200 pg mL−1 BDNF.
The results showed that the absorbance was similar at
different pH values, illustrating that pH variation in the
sample solutions would not affect the accuracy of ELISA
(Fig. 2d). Therefore, this ELISA test was not only highly

accurate but also very selective. Moreover, the results were
not affected by the pH value of the sample which may
indicate that it could be used in a wide range of samples.
However, the requirement of sophisticated equipment such
as a microplate reader or a spectrophotometer, as well as
frozen storage, significantly limited its usage in POC settings.

Fabrication and conjugation of LFA

The conjugate pad is one of the key parts of an LFA strip.
The target analytes that flow from the sample pad can
combine with the detective antibodies labelled by
colorimetric components. AuNPs are one of the widely used
labels in the fabrication of LFA strips due to their stability,
high binding affinity to biomolecules, and clear optical
signal.30 Studies showed that AuNPs with a size of around 40
nm exhibited superior performance for the LFA.25,31 It is
acknowledged that antibodies can be adsorbed onto AuNPs
and physisorption is the simplest approach32 (Fig. S2a†). The

Fig. 3 Optimization of AuNP–antibody conjugation and conjugate pad treatment. a) The absorbance spectra of the resulting antibody–AuNP
conjugate solutions at pH 7.5. b) The peak wavelengths of different solutions. c) The resulting delta RGB values of the control line by treating the
conjugate pad with different concentrations of Tween 20. d) The resulting delta RGB values of the control line by treating the conjugate pad with
different concentrations of BSA. e) The resulting delta RGB values of the control line by treating the conjugate pad with different concentrations of
sucrose.
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isoelectric point (pI) and volume of the antibodies as well as
the pH value of the AuNP solution play important roles in
physisorption.32 It is critical to find the optimal pH value
which is close to or slightly above the pI to provide a suitable
environment for AuNP–antibody conjugation. Different
volumes of detective anti-antibodies were added into AuNP
solutions with different pH values. The absorbance peak was
then determined using a microplate reader. The absorbance
peak of pure AuNPs appeared at 526 nm when changing the
pH from 7.5 to 9, while the peak redshifted at different levels
after adding 10 μL of BDNF antibody solutions with
concentrations ranging from 10 to 200 μg mL−1 (Fig. 3a and b
and S2b–d†). It is believed that the redshift is caused by the
conjugation between AuNPs and antibodies and the resultant
increase of the diameter of the conjugate.33 The largest peak
shift occurred when 100 or 200 μg mL−1 BDNF antibody
solution was added to 190 μL AuNP solution at pH 7.5
(Fig. 3a and b), which indicated that the optimal pH of
conjugation was 7.5.

Pre-treatment of the conjugate pad is necessary because
appropriate buffer treatment could ensure a smooth and
rapid release of the analyte from the conjugate pad.34

Normally, there are 3 major components in the treatment
buffer: bovine serum albumin (BSA), sucrose, and Tween 20

(Fig. S2a†). BSA is used to reduce the unspecific binding
between AuNP–antibody conjugates and the conjugate pad.
Tween 20 is a common detergent that is used to minimize
the unspecific binding as well as to facilitate the flow of the
analyte.35 Sugar (such as sucrose) is the key component in
the conjugate pad treat buffer to preserve the biological
activity and function of the detective antibodies by forming a
layer at the surface of AuNP–antibody conjugates to keep the
structure and the binding site.35,36 Moreover, sucrose is
believed to have a positive effect on the flow of the analyte
because the sucrose layer dissolves immediately and works as
a carrier of the detector to enter the fluid stream.36,37 The
effect of Tween 20 was firstly detected by testing the
performance of the solution with Tween 20 concentrations
from 1 to 7% (v/v). BSA with a concentration of 1–8% (w/v)
was then added to the solution with optimal Tween 20
concentration. Finally, sucrose was added to the mixture. The
delta RGB values of control lines were calculated to reflect
the release of the conjugate pad after treating with the buffer.
The results showed that the buffer which contained 5% v/v
Tween 20, 6% w/v BSA and 10% w/v sucrose could help to
improve the release of the conjugate, which, subsequently,
presents a line with higher intensity in the membrane
(Fig. 3c–e).

Fig. 4 BDNF lateral assay strip test in Tris buffer. a) Image of the BDNF LFA test strip and possible test results. The strip consists of a sample pad, a
conjugate pad, a reaction membrane and an absorbance pad. All pads are assembled in a backing. The scale bar represents 5 mm. b) The delta
RGB values of the test line in different test strips with capture antibodies at different concentrations (125, 250 and 500 μg mL−1). c) The delta RGB
values in different test strips when loading different volumes of AuNP–antibody conjugates. d) The delta RGB values after a certain time. e) The
linear relationship between BDNF concentration and It/Ic. It/Ic = delta RGBtl/delta RGBcl. f) The effect of certain compositions on the BDNF LFA
strip. Error bars represent the standard error of the mean (SEM). N ≧ 3.
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Optimization of the BDNF LFA strip in Tris buffer

To fabricate the LFA strip, a pretreated sample pad, conjugate
pad and absorbance pad were assembled in a backing card
with a 2 mm overlap (Fig. 4a).37 A red test line and a red
control line were the positive results and only one line at the
control area represented the negative result (Fig. 4a). The
volume of capture antibodies dispensed in the test zone

affected the colorimetric intensity of the result. Fig. 4b shows
that loading of 500 μg mL−1 capture antibody solution could
catch more BDNF. The amount of AuNP–antibody conjugates
was also varied by tuning the volume to evaluate its effect on
the colorimetric intensity difference of the control line and
the test line (Fig. 4c). The concentration of the AuNP–
antibody conjugates could be controlled through
resuspending the conjugate with a different volume of PBS

Fig. 5 BDNF detection in artificial tear fluid with the BDNF LFA strip. a) Schematic illustration of the readout system. b) Real image of the readout
system. The scale bar represents 4 cm. c) Image of capturing LFA images through a smartphone camera. The scale bar represents 2 cm. d) Image
of the reading area of the strips before and after loading artificial tear fluid samples with different volumes of BDNF. e) The linear relationship
between It/Ic and concentration of BDNF. f) It/Ic values after loading artificial tear fluid containing different proteins including lysozyme, IL-6, CNTF
and BDNF. The concentration of lysozyme was 2.36 mg mL−1, the concentration of IL-6 was 30 pg mL−1, the concentration of CNTF was 60 pg
mL−1 and the concentration of BDNF was 200 pg mL−1. g) It/Ic values after loading artificial tear fluid samples with a BDNF concentration of 200 pg
mL−1 at different pH values. h) It/Ic values after loading artificial tear fluid samples with a BDNF concentration of 200 pg mL−1 onto strips stored in
the lab environment for 0, 1, 3, and 7 days. i) The recovery test of artificial tear fluid with a concentration 60, 120, 180 and 240 pg mL−1. The
calculated values are 66.74, 126.68, 175.31 and 249.29 pg mL−1 and the recoveries of each group are 88.76%, 105.57%, 97.39% and 103.87%,
respectively. Error bars represent the standard error of the mean (SEM). N ≧ 3.
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solution. In this test, the AuNP–antibody conjugates were
resuspended to 1 to 5 OD. The colorimetric intensity of both
the test line and control line increased with the increased
concentration of conjugates. A lower duration allows a test to
be more acceptable in screening settings. However, it
required time to allow adequate reaction between BDNF and
capture anti-BDNF antibodies in the test zone. In our study,
the colorimetric intensity reached the stable stage in 30–45
minutes (Fig. 4d) which indicated that the results should be
captured at least after 30 minutes.

To figure out the relationship between It/Ic, which
represents the ratio of delta RGB values of the test line and
control line, and the BDNF concentration, different volumes
of BDNF were dissolved in Tris buffer to produce a series of
buffer solutions from 0 to 300 pg mL−1 (Fig. 4e). All samples
were loaded at the sample pad and the results were analyzed.
It could be easily identified by the naked eye that the
colorimetric intensity of the test line got stronger as the
BDNF concentration increased. It/Ic was plotted on the Y axis
and the BDNF concentration on the X axis to generate a
standard curve with R2 = 0.98 (Fig. 4e). To better mimic the
real situation for human tear fluid tests, the performance of
the LFA strip was tested in artificial tear fluid, which was
made from Tris buffer and contained NaCl, KCl, CaCl2,
MgCl2, albumin, and glucose.38 A selectivity experiment was
therefore necessary to test the effect of these components on
the LFA strip by performing the LFA test with different BDNF
samples, containing each component (Fig. 4f). The results
showed no obvious influence from these components.

BDNF LFA strip performance in artificial tear fluid

Smartphone cameras provide an ideal alternative option to a
traditional flatbed scanner or a CCD camera required in
quantifying LFA results.39 To reduce the environmental
interference, a dark readout box was designed
(Fig. 5a and b). The readout box was produced by 3D printing
and consisted of an image capture window, an extra light
window and a lid with a groove at the center to hold the LFA.
The whole system was highly portable and cost-effective
which made it suitable in POC settings. As shown in Fig. 5c,
the colorimetric intensity of the test line was enhanced with
the increase of BDNF concentration in artificial tear fluid.
The It/Ic values confirmed the linear connection of BDNF
concentrations ranging from 0 to 300 pg mL−1 in artificial
tear fluid with a detection limit of 14.12 pg mL−1

(Fig. 5d and e). The range of BDNF levels in glaucoma
patients and normal subjects is around 40 to 200 pg mL−1,13

which indicated that the BDNF LFA strip was suitable to be
used in detecting BDNF levels in human tears.

Although not all pathogenic mechanisms of glaucoma are
well understood, certain factors involved in the disease process
have been identified. These include neurodegeneration,
immune reaction, ischemia, and oxidative stress.40 Selectivity
tests were performed on several molecules previously identified
as being involved in glaucomatous processes including

lysozyme,41 IL-6 (ref. 42) and CNTF.43 As shown in Fig. 5f, only
samples with BDNF produced a positive result with a high It/Ic
value, while other molecules only resulted in negative readings.
These results demonstrated that our LFA strip had a high
specificity to BDNF. The pH value of tear fluid is one of the
important factors that may affect the accuracy of the LFA test. It
has been reported that the pH of tears from normal subjects
ranges from 6.5 to 7.6,44 and can be more acidic with certain
disorders or medication usage such as in glaucoma.45,46

Therefore, artificial tear fluid samples containing 200 pg mL−1

BDNF with different pH values from 5.0 to 8.0 were prepared
and tested with LFA strips. The results demonstrated the
negligible effect of pH on the final readings. This means that
the test strip can be reliably employed for BDNF detection from
tears in patients with various medical conditions and on
medications that can affect the pH of the tear film (Fig. 5g).

Long lifespan and stability are some key advantages of the
LFA strip. The effect of storage time on the performance of
the LFA strip was further investigated by loading an artificial
tear sample with 200 pg mL−1 BDNF onto strips which were
stored at room temperature for 1, 3, and 7 days and the It/Ic
values were calculated. As shown in Fig. 5h, the results were
the same for different storage times. In order to determine
the accuracy of the BDNF LFA strips, artificial tear fluid
samples with BDNF concentrations of 60, 120, 180 and 240
pg mL−1 were prepared and tested as controls. The final
results were 66.74, 126.68, 175.31 and 249.29 pg mL−1,
respectively, with increasing BDNF concentrations (Fig. 5i).
The results indicated the ability of the BDNF LFA strip to
sensitively measure the BDNF level in artificial tear fluid with
high accuracy. In summary, the LFA strip is an ideal
diagnostic tool for glaucoma as the test is portable, practical,
quick, convenient and cost-effective.

As far as we are aware, the human BDNF LFA strip is
the first to quantify the BDNF level in liquid samples in a
POC setting. Due to the noninvasive collection method,
tear fluid is regarded as an ideal source for the
biomarkers of the disease.47,48 There has been increased
interest in investigating novel tear biomarkers for ocular
diseases.49 BDNF plays an important role in the
homeostasis of the central nervous system.50 Compared to
that of other biomarkers, the role of BDNF in glaucoma
has been clearly demonstrated by many different studies,
as summarized in Table S1.† There is strong evidence
proving that changes in BDNF are involved in the early
pathogenic stages of glaucoma including retinal ganglion
cell apoptosis and axonal dystrophy.51 A decrease of
retrograde transportation of BDNF from the brain to the
retina has been established in several animal models of
glaucoma,52–54 whilst exogenous BDNF has been shown to
be neuroprotective to injured RGCs.55 Several clinical
studies have identified significantly reduced serum levels
of BDNF in glaucoma patients compared with those in
healthy volunteers.56–58 Recently, Shpak et al. presented
quantitative results of BDNF levels in tear fluid showing a
level of 78.0 ± 25.1 pg mL−1 in patients with POAG,

Lab on a Chip Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

5/
20

25
 9

:1
9:

50
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00431c


3528 | Lab Chip, 2022, 22, 3521–3532 This journal is © The Royal Society of Chemistry 2022

compared to those in control subjects (116.2 ± 43.1 pg
mL−1).13 Moreover, the study demonstrated that the tear
level of BDNF was the lowest in the patients in the
earliest stages of the disease (56.8 ± 10.3 pg mL−1).13 Our
BDNF LFA strip showed great selectivity and stability with
a reasonable detection range from 14.12 to 300 pg mL−1

which is comparable to that of a commercial ELISA kit
and covers both physiological and glaucomatous ranges of
BDNF level in tears. Furthermore, it allows the LFA strip
to detect abnormally low BDNF levels in tear fluid
reported in the early stages of glaucoma.

Conventional ELISA shows a great ability to detect BDNF
in tear fluid with a wide range of detection, high
reproducibility, recovery and selectivity (Table S2†), but the
complex operating steps limit its use in POC settings. Other
biomarker detection methods such as gel electrophoresis-
based immunoassay, fluorometric immunoassay, and
radioimmunoassay also have similar problems.15 However,
our human BDNF LFA strip showed a comparable
performance to that of a conventional ELISA kit. The intra-
assay CV was 7.6% and the inter-assay CV was 9.0% which
demonstrated the great repeatability of the LFA (Table S2†).
Notably, the operating protocol of the LFA strip is much
simpler, being a one-step procedure. Without the washing
and incubation steps, the response time of our BDNF LFA
strip is only 30 to 40 minutes whereas an ELISA kit requires
90 minutes to several hours (Table S2†).

InflammaDry is a commercially available LFA device
designed to detect matrix metallopeptidase 9 (MMP-9)9 in
tear fluid. Sambursky et al. demonstrated that the
sensitivity and specificity of InflammaDry were 85% and
94%, respectively. The negative predictive value was 73%
and positive predictive value was 97%.22 Another group
developed a LFA device to detect trachoma based on the
antibody against Chlamydia trachomatis.59 However, both
InflammaDry and the LFA for trachoma detection are
qualitative. We introduced a quantitative system consisting
of a dark box, a smartphone camera and the computer
software ImageJ to quantify the concentration of BDNF in
fluid samples. Our LFA strip shows great accuracy by testing
samples with a known BDNF concentration, as well as
having high reproducibility and selectivity. Importantly, the
strip can be stored in normal environments which
significantly decreases the storage cost and improves the
practicality of the testing kit.

Our results show that the BDNF LFA strip has potential to
quantitatively measure BDNF levels in tear fluid in POC
settings without the need for other sophisticated equipment.
However, it is important to recognize that this prototype
needs more research and testing. To reduce the error caused
by manual analysis of the results, a smartphone app will be
developed to simplify obtaining the results. More glaucoma
biomarkers such as ciliary neurotrophic factor (CNTF)43 and
homocysteine (Hcy)60 can be added to the strip to achieve the
goal of multiplexed quantification and improve the sensitivity
of the test for detection of glaucoma.

Conclusion

In summary, a AuNP based human BDNF LFA strip can
measure BDNF levels up to 300 pg mL−1 in artificial tear
fluid. The LFA strip provides a short response time of 30 to
40 minutes with a detection limit of 14.12 pg mL−1, which
makes this testing kit ideal for POC settings. The
smartphone based readout system and the software ImageJ
were able to quantify the BDNF concentration based on the
colorimetric signal. The strip shows great selectivity and
stability. Moreover, the test strips are proved to stay stable
for testing artificial tear samples with different pH values,
which indicates that the assay is able to obtain reliable
results from tears of every patient including those who are
under certain medications. All these properties demonstrate
that the BDNF LFA strip is highly capable and could be
manufactured in large scale to detect the BDNF levels in
real human tears. With the development of an automatic
reading app based on smartphones, the test could be more
accessible and easier to use, even in non-clinical settings,
i.e., at homes. Combining the LFA strip with tear collection
devices is one of the future plans to decrease the error
caused during the sample collection. The strip needs to be
tested in a real environment to estimate its performance in
glaucoma screening. All in all, the BDNF LFA test
establishes great potential to be used in screening of
glaucoma.

Materials and methods
Materials and instruments

A human BDNF ELISA kit, recombinant anti-mouse IgG2a
antibodies, and recombinant human BDNF protein were
obtained from Abcam. Albumin, bovine serum albumin,
calcium chloride, glucose, gold nanoparticles (40 nm),
magnesium chloride, potassium chloride, sucrose, Tween 20,
sodium chloride, Tris-hydrochloride and Tris base were
obtained from Sigma-Aldrich. Two different anti-Human
BDNF antibodies were purchased from R&D Systems. All
components of the lateral flow test strip, including the
backing, sample pad, conjugate pad, reacting membrane and
absorbent pad were obtained from Whatman. The
absorbance spectrum was measured through a microplate
reader (Varioskan LUX Multimode, ThermoFisher). The test
line and control line were dispensed using a syringe pump
(KDS-200-CE, KD Scientific Inc.). The readout box was
produced using a 3D printer in Chemical Engineering
Workshop. The images were captured using an iPhone X.

Fabrication and assay procedure of the paper-based ELISA

The nitrocellulose membrane was firstly cut into discs 5 mm
in diameter. 5 μL capture antibody solution was pipetted on
each disc and the discs were incubated for 1 hour at 37 °C.
Each disc was washed with washing buffer 3 times to remove
unbound antibodies. 5 μL of 5% BSA buffer was pipetted to
each disc and incubated at 37 °C for 1 hour to block the
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paper plate and reduce unspecific binding. Each disc was
washed again 3 times. The fabrication of paper-based plates
was now complete and they were ready for ELISA. Firstly, 5
μL of the sample solutions containing different
concentrations of BDNF were pipetted to each disc. After 10
min incubation, the discs were washed 3 times. Then, 5 μL of
horseradish peroxidase (HRP)-labeled detective antibodies
was added to each disc and allowed to incubate for 10
minutes. The discs were washed 3 times again. 5 μL of
3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution was
added to each disc and finally, 5 μL of stop solution was
pipetted to each disc.

Gold nanoparticle (AuNP) and anti-BDNF antibody
conjugation

The pH of AuNP solution was firstly adjusted to 7.5, 8.0, 8.5
and 9.0. 190 μL of AuNP solution with different pH values
was added into 1.5 mL microtubes. 10 μL of anti-BDNF
antibody solution (concentration range from 10, 20, 50, 100,
200 μg mL−1) was added to the relevant microtubes. To allow
the conjugation between AuNPs and antibodies, the mixtures
were incubated for 30 minutes at room temperature. After
incubation, the AuNP–antibody solution was centrifuged for
10 minutes. The supernatant was removed, and the conjugate
was resuspended in 200 μL with PBS solution. The
centrifugation step was repeated 3 times. To assess the
conjugation between AuNPs and antibodies, the absorbance
spectrum of each conjugation solution was then detected
using a microplate reader.

Fabrication of BDNF LFA strips

Each part was cut using a FOBA laser. The sample pad was
treated with Tris buffer containing Tween 20 and BSA. The
conjugate pad was pre-treated with the conjugate pad buffer.
15 μL AuNP–antibody conjugate was loaded into the
conjugate pad. The detective anti-human BDNF antibodies
were dispensed into the test line at the membrane using a
syringe and pump. The anti-mouse IgG2a 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.

Performing the LFA test and testing the performance

A BDNF sample was prepared in Tris buffer and artificial tear
fluid. Before loading to the sample pad, 10 μL of sample was
mixed with 60 μL running buffer. The mixture then was
loaded at the sample pad. After waiting for 30 minutes, the
results were captured using an iPhone X in the readout box.
To test the effects of the composition of artificial tears,
certain components (150 mM NaCl, 20 mM KCl, 1.0 mM
CaCl2, 0.6 mM MgCl2, 3.94 mg mL−1 albumin and 0.14 mM
glucose) were added into Tris buffer separately. The LFA test
was performed using these samples with different
compositions and the colorimetric intensities were analyzed.
To test the LFA performance in artificial tears, the pH was

considered as a factor which may influence the results. The
adjusted pH of artificial tear fluid ranged from 5.0 to 8.0.
Artificial tear samples with different pH values were tested.
The recovery test was performed by loading samples with a
concentration of 60, 120, 180 and 240 pg mL−1 BDNF. The
results were calculated by using the standard curve and
compared with the known value. The performance of the LFA
strips after day 1, day 3 and day 7 was also tested.

Image capture and data analysis

The image capture box and LFA case were made by 3D
printing. The images were captured using an iPhone X. The
RGB values of selected bands were obtained with ImageJ. The
delta RGB values were then calculated on an Excel
spreadsheet using the below equation (eqn (1)).

ΔRGB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R −R0ð Þ2 þ G −G0ð Þ2 þ B −B0ð Þ2

q
(1)

The subscript 0 corresponds to the background.
The limit of detection (LOD) was calculated using eqn (2).

LOD = Mean of blank data + 3
× (Standard deviation of blank data) (2)

The coefficient of variation (CV%) was calculated using
eqn (3)

CV% = Standard deviation/Mean (3)

The results were shown as It/Ic to reduce the effects of
environment light contamination. Each group contained at
least 3 strips. The error bars represented the SEM (standard
error of the mean).
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