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A novel time-resolved fluorescent lateral flow
immunoassay for quantitative detection of the
trauma brain injury biomarker-glial fibrillary acidic
proteint

Satheesh Natarajan ©®*2 and Jayaraj Joseph®

A highly sensitive time-resolved fluorescence lateral flow immunoassay (TRF-LFIA) was developed to
quantify glial fibrillary acidic protein (GFAP), a trauma brain injury (TBI) biomarker in blood, for the purpose
of providing a diagnosis of mild brain injury. The assay detection limit was 10 pg mL™ with a diagnostics
range of 0-400 pg mL™. The assay coefficients of variation (CoVs) were less than 10%. Availability of the
TRF-LFIA for blood testing would produce a paradigm shift in TBI patient management and clinical
outcomes in trauma departments. Due to its capacity to measure low levels of blood biomarkers in human
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Introduction

Traumatic brain injury (TBI) is a silent neuro-trauma
epidemic,' caused by a mechanical effect that is applied to
the head. About 27m new cases of TBI were reported
worldwide in 2016.> Annually, ~1m people are injured and
~20000 people die of TBI in India.” TBI faces diagnostic and
therapeutic challenges, especially in the mild injury range.

TBI can be classified as mild, moderate, or severe, based
on the 15-point scale Glasgow Coma Scale (GCS) score.* GCS
evaluates eye opening, motor response, and verbal response,
often a subjective approach for TBI diagnosis.” A confirmatory
report on moderate or severe TBI patients is performed with
computed tomography (CT), but its high costs and
requirement of being operated by trained technicians have
limited its use in rural facilities and military settings. In
addition, clinical CT often fails to detect mild TBI® and
cannot predict ongoing secondary brain injury. Also, magnetic
resonance imaging (MRI) is more sensitive than CT, but MRI
is not used in emergency cases due to its high cost and low
efficacy in detecting bleeds and fractures. So the current
methods of TBI assessment are tedious and expensive.

A quantitative approach involving testing a blood-based
biomarker, to predict early neurological deterioration, can
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fluids, this type of assay is expected to find use in the rapid detection of various human disorders.

overcome the subjective approach of GCS. Examples of blood
biomarkers that are elevated in the case of TBI include glial
fibrillary acidic protein (GFAP), S-100B, neuron-specific
enolase (NSE), and myelin basic protein (MBP).”® GFAP is a
glial cell injury biomarker, and is released from glial cells
upon their being damaged and then appears in the blood. So
GFAP can be detected in blood samples shortly after the
damage.'®"" In the case of mild and moderate cases of TBI,
GFAP levels have been found to be increased eight hours
after the trauma.'? In addition, the concentration of GFAP in
the blood has also been suggested to predict the outcome of
the injury.”® Furthermore, one test that measures GFAP (and
UCH-L1) has been approved by the Food and Drug
Administration for evaluating mild TBL."

An increasing number of studies have indicated that GFAP
might be a useful biomarker for differentiating between
hemorrhagic and ischemic strokes. Both types of strokes can
have severe consequences, but since they form using
different mechanisms, they require different treatment
strategies. Therefore, it is important to find tools that help in
differentiating between the two strokes as early as possible.
Studies have shown that GFAP levels start increasing within
two hours of the onset of a hemorrhagic stroke, and peak
between 6 and 12 hours after the onset of the stroke. In
contrast, in the case of an ischemic stroke, the GFAP levels in
the blood increase at a later time point.">'® Thus, GFAP is a
potential tool in the diagnosis and treatment of brain injury.

To realize the diagnostic potential of GFAP, we have
applied the time-resolved fluorescence lateral flow
immunoassay (TRF-LFIA) as an ultrasensitive method to
detect GFAP in blood samples. For the TRF-LFIA, we used
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carboxylate-modified polystyrene Eu(m) chelate microparticles
(CM-EUs) as a reporter. Unlike fluorescein, europium complexes
show a large Stokes shift, and hence a resulting minimization of
auto-fluorescence, light absorption, and light scattering by the
blood matrix. Also, the fluorescence displayed by europium
complexes was found in the current work to be relatively long
lived, a feature allowing its measurement following excitation to
be delayed and hence endowing the TRF-LFIA with a strong
resistance to being interfered with by non-specific molecules in
complex sample matrices. The cut-off value of GFAP in the blood
of acute TBI patients was determined to be 150 pg mL™" in blood
for acute TBI patients.'” This TRF-LFIA assay was found to be
rapid, sensitive, and highly discriminating between normal
controls and head injury patients. Furthermore, this assay
showed good sensitivity and stability and was determined to be
extremely suitable for rapid detection in early diagnosis, and to
have great potential in clinical applications.

Materials and methods
Materials

Carboxylate-modified polystyrene Eu(m) chelate
microparticles (CM-EU) were purchased from Thermo Fisher
Scientific. N-Hydroxysulfosuccinimide sodium salt (sulfo-
NHS), N-(3-dimethyl aminopropyl)-N-ethyl carbodiimide
hydrochloride (EDC), bovine serum albumin (BSA), goat anti-
mouse IgG, phosphate-buffered saline (PBS), phosphate
buffer (PB), NaOH, sucrose, Tris-HCl, Tween-20, and Triton
X-100 were procured from Sigma-Aldrich, USA. Nitrocellulose
membranes (Hi-Flow 70 plus) were procured from Merck
Millipore (Bedford, MA, USA). Sample pad Gx (plasma
separation pad) products were obtained from the Pall
Corporation (USA), and conjugation pad (GFDx) and
absorbent pad (CF6) products from Whatman (GE
Healthcare, UK). The anti-GFAP capturing antibody, the anti-
GFAP detecting antibody, and recombinant protein GFAP
were obtained from HyTest Ltd, Finland.

Buffer solution

Sample pad treatment buffer (0.1 M PBS, 0.5% BSA, 0.05%
Triton X-100), conjugate pad treatment buffer (0.5% BSA, and
0.05% Triton X-100 in 0.1 M phosphate buffer, pH 7.4),
activating buffer (0.05 M MES, pH 5.1), binding buffer (0.01
M phosphate buffer, pH 7.0), washing buffer (0.2% Tween-20,
0.9% NacCl in 0.25 M Tris-HCl, pH 7.4), storage buffer (1%
BSA, 5% trehalose, 20% sucrose in 0.25 M Tris-HCI, pH 9.0),
assay chase buffer (1.5% BSA, 0.3% Triton X-100, in 0.1 M
PB, pH 7.4), and all other solutions used in this study were
freshly prepared before use.

The key methods used in the development of the GFAP
LFIA kit are explained in the following sections.

Functionalizing CM-EUs with antibodies

Briefly, 12 mM of EDC and 9 mM of sulfo-NHS were added to
2 mg of CM-EU nanoparticles suspended in the activation
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buffer 1 mL. The resulting mixture was incubated for 30
minutes with gentle stirring at room temperature. To remove
unreacted components, the CM-EUs were washed three times
by subjecting the mixture to centrifugation at 14 000 g. The
resulting pellet was ultrasonically suspended in a binding
buffer. A mass of 50 pg of anti-GFAP was added to the
activated CM-EUs. After 4 hours of incubation, the
functionalized CM-EUs were washed thrice before being
combined with blocking buffer (2% BSA in 25 mM phosphate
buffer, pH 7.4). The antibody-conjugated CM-EUs were
washed three times with washing buffer and were suspended
in storage buffer.

Fabrication of GFAP lateral flow immunoassay membranes

The LFIA membrane strip consisted of a sample application,
a conjugate pad, an NC membrane, and an absorbent pad.
To the conjugate pad was added the conjugation mixture
diluted from the original stock (10 ug mL™") to different
concentrations (0.5, 1.5, 2 ng mL™") and dried at 37 °C for 1
hour. The capture antibody @ 0.5 mg ml™* and the goat anti-
mouse IgG @ 0.5 mg mL™" were dispensed onto the NC
membrane for the test and control lines and dried at 37 °C
for 1 hour. Finally, the membranes were cut each to a width
of 3.1 mm and stored at 4 °C.

Lateral flow assay procedure

In this proposed study, GFAP recombinant proteins were
prepared in a dilution of GFAP 0, 10, 50, 100, 200, 300 and
400 pg mL™" in 0.01 M PB, pH 7.4 + 1% casein + 0.25%
Tween-20 + 1 mM EDTA. For the assay development, a
volume of 85 pl of the sample buffer along with the protein
was dropped onto the sample pad packed in the cartridge.
After 15 minutes, the data were acquired by using an IQuant-
TRF Immunoanalyser."® The signal generated in the NC
membrane was scanned by the instrument to quantify the
biomarker. The fluorescence signals at the test (7) line and
control (C) line were used to calculate the 7/C volume ratio.
The entire assay was done in triplicate, and the
corresponding mean volume ratio (Vi) value was plotted
against the GFAP concentration to obtain the calibration
curve.

Determining the limit of blank and limit of detection

The limit of detection (LOD) was estimated according to the
Clinical & Laboratory Standards Institute (CLSI) guidelines. To
calculate the LOD, six samples with the lowest concentration of
GFAP were measured in triplicate for five consecutive days. The
values of LOB, ie., for the negative samples, and LOD were
obtained by using the expression 1.645 x SD and the equation
LOD = LOB + 1.645 [SD lower level of the sample], respectively.

Statistical analysis

All quantitative data describing the sensitivity of the assay
were analyzed using Graph Pad Prism 6.0 (Graph Pad

© 2022 The Author(s). Published by the Royal Society of Chemistry
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software, La Jolla, CA, USA). Each parameter was calculated
using a 95% confidence interval (CI) and the coefficient of
variation (CV) of Cutt-off Index (COI) values was also analyzed
for the assay data. The values of LOB, ie., for the negative
samples, and LOD were obtained by using the expression
1.645 x SD and the equation LOD = LOB + 1.645 [SD lower
level of the sample], respectively."®

Results and discussion

The principle of the TRF-lateral flow immunoassay

The TRF-LFIA test strip developed in this study was a
sandwich module. As illustrated in Fig. 1, any GFAP antigen
present in the sample migrated to the test membrane
through capillary action and then bound with CM-EUs-anti-
GFAP detection antibody (D,g) in the conjugation pad to
form CM-EUs-Dap-GFAP-Ag. The CM-EUs-Dpg-Ag then
continued to flow along the membrane, to react in the test
line where CM-EUs-Dyp-Ag selectively reacted with C,p-GFAP
to form a CM-EUs-Dp-GFAP-Ag-Cyg-GFAP complex. Excess
CM-EUs-C5-GFAP flowed further and reacted with the
control line. After the completion of the reaction, the test
strip was analyzed using an IQuant-TRF reader by
measuring the volumes of the test line (V1) and the control
line (V¢) to calculate the Vi (volume ratio). The fluorescence
intensity in the test line was directly correlated with the
levels of GFAP in the sample. But the fluorescence intensity
at the control line remained nearly constant for the entire
test.

Optimization of the experimental parameters

LFIA parameters for detecting GFAP were first optimized in
pure buffers in the absence of blood. Sample solutions
containing different concentrations of GFAP were prepared in
the running buffer. The parameters optimized included (a)
running buffers, (b) casein percent, (c) Tween-20 percent and
(d) amount of EDTA. Fig. S21 (a) shows the amount of
detection antibody (Dag) and (b) amount of capture antibody

CM-EU-Dab
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(Cag) on the test line. Fig. S5t (a) shows the volume of blood
in the buffer and Fig. S5 (b) shows the incubation time.
Respective data and figures (see ESIf and Fig. S1, S2 and
S5) are given in the ESLi The best results were obtained
when (a) using a running buffer of phosphate buffer (0.01
M PB, pH 7.4; 1% casein; 0.25% Tween; 1 mM EDTA), (b)
using CM-EUs-D,z with 0.5 ng of conjugates, and (c)
dispensing 1.0 mg ml™" of C,z onto the test line. To
construct the calibration curve, each sample was examined
three times and the average intensity of each concentration
was used to draw the calibration curve (Fig. S4af). A
standard curve was obtained based on the measurement of
six serial standards (0, 10, 50, 100, 200, 300, and 400 pg
mL™). The standard curve was produced by plotting the Vy
(y) against the GFAP concentration (x). Under these
optimized conditions, we obtained a reasonable calibration
curve for the proposed assay (Fig. S4at). The expression for
the regression curve was 5 x 10 °x* + 0.0033x + 0.0295, n =
10, (r = 0.9892). The analytical sensitivity of the proposed
assay, defined as the mean plus two SD (n = 10) of the zero
standards, was 5 pg mL™'. These results showed the
excellent performance of the developed CM-EU test strips.
Fig. S4bf presents typical photographic images (left) and
corresponding Vi (right) of the LFIA with increasing GFAP
concentrations (0 pg to 400 pg mL™') under the optimized
experimental conditions. No band was observed on the LFIA
test zone in the absence of GFAP (control, 0 pg mL™),
indicating negligible nonspecific adsorption. The test band
intensity increased with increasing GFAP concentration. The
test band was still seen at GFAP levels as low as 7.5 pg
mL™

Precision

The reproducibility of the assay was examined by testing six
times blood samples spiked with 100 pg mL™" of GFAP.
Reproducible signals were obtained with a relative standard
deviation (RSD) of 5.8%.

CM-EU-Cab

/ Anti mouse IgG

Fig. 1 Schematic presentation of the structure of the lateral flow immunoassay (LFIA) strip for the determination of GFAP levels.
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Analysis of GFAP in a spiked blood sample

Blood samples containing different concentrations of GFAP
were prepared by spiking GFAP standards. The volume of
CM-EUs-D,p conjugates, the volume of blood used per assay,
and the incubation time of CM-EUs-D,p in blood were
optimized to obtain the best results (Fig. S5bt). The best
results were obtained when a volume of fifteen microliters of
human blood was spiked with a desired concentration of
GFAP and then mixed with 85 pl of running buffer (0.01 M
PB, pH 7.4 + 1% casein + 0.25% Tween-20 + 1 mM EDTA)
The mixture was incubated for 10 minutes under general
shaking and then applied to the LFIA sample pad. As shown
in Fig. S5a,f a test band was observed even for a GFAP
concentration of 7.5 pg mL ™. No obvious band was observed
in blood without spiking the GFAP. The intensities of the
LFIA test bands increased as the concentration of spiked
GFAP in the blood was increased from 0 to 400 pg mL ™" (Fig.
S5bt). The limit of detection for GFAP was 7.5 pg mL ™",
which should be good enough for diagnosing TBI due to its
GFAP cut-off value being about 5 pg mL™" in the blood of
healthy people. The reproducibility of the assay was also
studied: blood samples spiked with 100 pg mL™ of GFAP
were tested six times and gave reproducible signals with a
relative standard deviation (RSD) of <10% (Fig. S31).

Discussion

Compared to GFAP might be a more specific and promising
marker for producing a diagnosis as well as monitoring the
efficacy of neuroprotective treatment in patients with CNS
and concomitant extra cerebral disorders. The value of the
GFAP in the pg mL™" increased from the day of admission to
the fourth day after stroke and the concentration of GFAP
was significantly correlated at days 2, 3, and 4. GFAP is a
monomeric intermediate filament protein expressed almost
exclusively by astrocytes. Therefore, GFAP might be a
promising new and relatively specific marker for astrocytic
damage in blood. The newly developed CM-EUs-sandwich
immunofluorescent assay test can be completed within 25
minutes and can provide quantitative results on site when
used with a portable reader device.

The sandwich-type CM-EUs lateral flow assay presented
here is the first such assay based on commercially available
antibodies. The sensitivity of the assay was shown to be 10
pg mL™', with the standard curve ranging from 0 to 400 pg
mL™",

A lower detection limit of 16 pg mL™' was previously
achieved using a sandwich ELISA based on anti-GFAP
antibodies,”>*' and a detection limit of <10 pg mL™" was
previously achieved with a dissociation-enhanced lanthanide
fluorescence immunoassay (DELFIA) system.*> But that
ELISA-based assay requires more time than the currently
developed system and is laborious. Missler et al. reported a
very sensitive assay but also with relatively weak signals for
positive blood samples from head injury patients.”® They
found increased GFAP levels in 12 out of 25 blood samples
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from head injury patients, with expression levels
approximately 10-fold lower than those for the biomarker
S100B. In addition, GFAP could be detected 24 h after injury
in only 1 out of 25 blood samples while others showed
comparable blood GFAP and S100B levels and found a GFAP
peak at 24 h after head injury.>*

The evaluation of the CM-EUs-LFIA-GFAP assay showed
that GFAP concentrations in patients with acute stroke are
highly and significantly associated with the severity of the
neurological disorder and functional status at discharge
from the hospital.>® Thus, CM-EUs-LFIA-GFAP values were
determined to be correlated with the development of the
disease and with clinical outcomes. The comparative
analysis of serial GFAP blood concentrations with stroke
patients demonstrated the highly reliable clinical
performance of the CM-EUs-LFIA-GFAP assay. Taken
together, our data demonstrated that the CM-EUs-LFIA-
GFAP assay is a powerful tool to detect GFAP in blood, even
at low levels. Furthermore, the CM-EUs-LFIA platform
makes it possible to determine GFAP levels at a point of
need, where the availability of a laboratory with costly
equipment is limited, and also to determine these levels
even when only a small volume of sample from the patient
is available.

Conclusions

A rapid, low-cost, and sensitive approach involving the use of
a TRF-LFIA strip was developed to detect GFAP in blood. The
CM-EUs consisted of the carboxyl group with a large Stokes
shift, which produces less background noise. The
demonstrated low 7.5 pg mL ™" limit of detection for GFAP in
the clinical blood samples makes this LFA a truly early-
diagnosis kit for stroke. The precision of the assay according
to the CV from the intra-assay and inter-assay were <10%. To
the best of our knowledge, this work was the first time that a
point-of-care lateral flow assay for the detection of GFAP in
blood samples was developed. Further work will aim to
improve the detection limit of the assay and to extend the
assay to being able to analyze, on a large scale, blood
samples from healthy control and trauma brain injury
patients at different stages.
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