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� Developed a plasmonic near-infrared
fluorescent biosensor.

� Unveiled excitation enhancement
responsible for fluorescence signal
amplification.

� Enabled detection of a low level of
traumatic brain injury protein
biomarker in blood plasma.
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An ultrasensitive plasmonic near-infrared fluorescent biosensor substrate has been developed for
detection of glial fibrillary acidic protein (GFAP) biomarker in blood plasma, an important protein
biomarker of traumatic brain injury (TBI). To minimize the interference from blood plasma sample
matrix, a near-infrared fluorophore in the first biological transparency window is used in the biosensor.
To amplify the fluorescence signals, a plasmonic gold nanopyramid array has been coupled to the flu-
orophore. Finite-difference time-domain simulation reveals that the excitation enhancement is primarily
responsible for the fluorescence enhancement owing to the intense local electric field excited on the
corners and edges. As a result, this biosensor exhibits a lower limit of detection of 0.6 pg/mL toward
detection of GFAP in blood plasma.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Traumatic brain injury (TBI) accounts for about 30% of all injury
deaths according to Centers for Disease Control and Prevention [1].
l and Aerospace Engineering,
06, United States.
.

While early treatment could effectively reduce short- and long-
term adverse clinic outcomes, rapid diagnosis of TBI remains
highly challenging due to lack of rapid, objective, and quantitative
method for TBI screening; and the symptoms may not appear until
days or even weeks. Glasgow Coma Scale is the current prevailing
TBI screening method, which are subjective tests of speech,
cognition, neuropsychological behaviors. It causes large errors for
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mild and moderate TBI [2]. In contrast, quantification of diagnostic
biomarkers is capable of revealing the full spectrum of biological
disorders from initial manifestations to terminal stages [3,4].
Currently, widely acknowledged TBI biomarkers in blood include
glial fibrillary acidic protein (GFAP), ubiquitin carboxyl-terminal
hydrolase L1 (UCH-L1), S100-b, neuron-specific enolase (NSE) and
etc. [5,6]. Among these biomarkers, the cut-off value of GFAP is
extremely low (60 pg/mL) for mild TBI [7,8]. It remains a technical
challenge in quantifying trace protein biomarkers in blood.

Enzyme-linked immunosorbent assay (ELISA) and Western blot
are two common techniques for protein biomarker detection
[9e11]. Both methods require professional staff and sophisticated
instruments in a central laboratory; and they are time-consuming
due to tedious operational procedures [10]. The typical ELISA
assay time is around 3 h, and Western blot even takes a day to
finish. Furthermore, most ELISA kits can only reach a limit of
detection (LOD) of around 10 pg/mL for GFAP. Therefore, it is
essential to develop rapid, sensitive, and quantitative tools for
measurement of trace TBI protein biomarkers. Recently, electro-
chemical biosensors were developed for TBI biomarkers detection,
but most of them were only demonstrated in PBS buffer [12e17]
because electrochemical biosensors suffer from strong interference
and biofouling in blood sample matrices. Recently, fluorescent
biosensors have received increasing attention [18e22]. However,
most of current fluorescent biosensors transduce visible-light
fluorescence signals. Excitation and emission of visible-light
organic dye fluorophores in blood are subject to strong absorp-
tion of biomolecules such as bilirubin, oxy-hemoglobin and deoxy-
hemoglobin, and suffer from interference from autofluorescence of
amino acids and proteins in blood such as pyridoxine, retinol A,
collagen, cholecalciferol, folic acid, and porphyrin [23e26]. To
mitigate these problem, near-infrared (NIR) fluorophores that fall
into the biological transparency windows are attractive for plasma,
serum and whole blood sample matrices [27e29]. Nevertheless,
NIR fluorophores usually exhibit a much less emission intensity as
compared to the visible-light counterparts [30]. Because their
molecular energy levels are more likely to overlap with other
transitions, there is a higher chance of non-radiative energy
transfer, reducing the fluorescence intensity. Fortunately, the two-
step process nature of fluorescence involving excitation and emis-
sion offers numerous opportunities to enhance the brightness of
NIR fluorophores by optimizing either the excitation, the emission,
or both [31].

Plasmon has been reported to improve sensitivity of biosensors
by enhancing fluorescence intensity [32e35]. There are two
mechanisms for plasmon-enhanced fluorescence: excitation
enhancement and emission enhancement [21,36e41]. The excita-
tion enhancement of fluorescence is possible through both F€orster
resonance energy transfer (FRET) at close distances (~10 nm) and
the Purcell effect at longer distances (10e50 nm). In the emission
process, the probability that the excited fluorophore emits a photon
is dependent on competition between radiative and non-radiative
decay processes. This is represented by the quantum efficiency.
Based on Fermi's golden rule, the spontaneous decay rate scales
with the local density of optical states. Therefore, the emission
enhancement could result from the increased local density of op-
tical states induced by the plasmonic nanostructure. Unfortunately,
while minimizing the mode volume inwhich the local electric field
is confined could maximize the excitation enhancement, it also
introduces strong energy loss channels, which could significantly
decrease the quantum efficiency and end up compromising the
overall fluorescence intensity. This phenomenon is especially
obvious for open plasmonic metallic nanostructures, where the
excitation enhancement is predominately responsible for the
fluorescence enhancement [42e44]. In short, the plasmon-induced
2

fluorescence enhancement is strongly dependent on the separation
distance. At a short distance, plasmon is quenched by plasmon. At a
long distance, the plasmonic enhancement decays with the sepa-
ration distance. The optimal separation distance for fluorescence
enhancement generally falls into a range of 10e30 nm [39].

In this study, a NIR fluorescent biosensor is developed for
detection of the GFAP biomarker. The NIR fluorophore used is
Dylight 755, which is labelled on the GFAP antibody. It has a peak
excitation and emission wavelength of 755 nm and 775 nm,
respectively, with an intrinsic quantum efficiency of 11.9% [45],
which is among the highest in NIR fluorophores. A gold nano-
pyramid array pattern is fabricated on the glass by nanosphere
lithography [46,47] and used as the biosensing platform after
functionalization with the capture antibody specific to GFAP.
Notably, a portable fluorescence reader is used to conduct all the
tests instead of a large-scale spectrofluorometer. Finite-difference
time-domain (FDTD) simulation is implemented to unveil the
origin of the fluorescence enhancement as well as to calculate the
fluorescence enhancement factor.

2. Experimental methods

Chemicals and Materials. (3-Mercaptopropyl) trimethox-
ysilane (95%), BSA (bovine serum albumin), phosphate buffered
saline tablets, monoclonal anti-glial fibrillary acidic protein anti-
body produced in mouse (G3893-.2 ML, ~50 kDa), glial fibrillary
acidic protein human brain (345996-100UG, 50 kDa), sodium sili-
cate solution (338443-1L), N-hydroxysuccinimide (NHS), and 1-
ethyl-3-(3-(dimethylamino)-propyl) carbodiimide (EDC), were
purchased from Sigma-Aldrich. (3-Triethoxysilyl) propylsuccini-
canhydride (TEPSA) was purchased from Gelest. The IgG-free blood
plasma was acquired from US Biological Life Science (P4252-56
Plasma, Human). Dylight 755 NHS Ester Microscale Antibody
Labelling Kit and polystyrene microspheres with a diameter of
600 nm were bought from Thermo Scientific. Deionized (DI) water
used for washing and reactions was produced by Milli-Q Millipore
system (18.2 MU cm, Millipore Corp., Billerica, MA). Human Glial
Fibrillary Acidic Protein ELISA Kit (abx050253) was purchased from
Abbexa. All chemicals obtained from commercial vendors and were
directly used without further purification.

Fabrication of Gold Nanopyramid Arrays. Au nanopyramid
arrays were fabricated on glass slides (roughly 0.5 cm � 0.5 cm) by
nanosphere lithography [48], as shown in Fig. S1. Prior to the
fabrication, the glass slides were cleaned using acid piranha (the
ratio of sulfuric acid to hydrogen peroxide is 3:1) at 90 �C for 1 h.
Caution: acid piranha is very dangerous and needs to be handled
with extreme care! They were subsequently rinsed with DI water,
cleaned by ultrasonication three times in ethanol and DI water,
respectively. After that, a monolayer of polystyrene beads was dip-
coated on glass slides, which formed a periodic hexagonal pattern.
Afterwards, a 5 nm thick titanium layer followed by a 250 nm thick
gold layer were deposited onto the pattered substrate by e-beam
evaporator (Kurt J Lesker, Model#LAB18), respectively. Next, the
polystyrene beads were removed by ultrasonication in methanol
and dried using compressed air. A hexagonally ordered Au nano-
pyramid array was obtained.

Coating a Thin Silica Film onto Gold Nanopyramid Array.
Following the protocol reported [49], a thin layer of silica was
conformationally grown on Au nanopyramid arrays. Specifically,
the as-fabricated Au nanopyramid arrays were first incubated in the
ethanolic solution of 2 mM (3-Mercaptopropyl) trimethoxysilane
for 2 h. After rinsing with ethanol and DI water, the Au nano-
pyramid arrays were then incubated in a sodium silicate solution
(1.5 wt%, pH 8e9) at 90 �C for 2 days. In the meanwhile, the Au film
substrates were also coated with a thin layer of silica under the



P. Zheng, S. Kasani, W. Tan et al. Analytica Chimica Acta 1203 (2022) 339721
same conditions as the control samples.
Labelling of Detection Antibody with Dylight 755. Following

the protocol provided by Thermo Scientific, the detection antibody
was initially labelled with Dylight 755. Specifically, the concentra-
tion of detection antibody was adjusted to 1 mg/mL in a PBS buffer
solution. 8 mL of Borate Buffer (0.67 M) was then added to 100 mL of
1 mg/mL antibody in PBS. The mixed solution was further added to
the Dylight Reagent vial containing 15 mg of Dylight 755 NHS ester
powder. After thoroughmixing, the solutionwas incubated at room
temperature in dark for 1 h. To purify the Dylight-labelled antibody,
the above solution was added to the purification resin and then
centrifuged at 1000�g for 1 min. The obtained Dylight-labelled was
stored at 4 �C in dark for future use.

Immobilization of Capture Antibody onto Nanoarrays. The
silica-coated Au nanopyramid arrays were first incubated overnight
in an ethanolic solution containing 100 mM TEPSA to achieve the
carboxylic-modified surface. A PBS buffer solution containing
50 mM NHS and 200 mM EDC was used to activate the carboxylic
groups. Subsequently, the Au nanopyramid arrays were incubated
in a 20 mg/mL capture antibody solution overnight. The capture
antibody-modified Au nanopyramid arrays were further incubated
in a PBS buffer solution containing 1 mg/mL BSA blocker for 2 h to
achieve high specificity. For all the interim steps, the PBS buffer
solution was used to remove excessive chemical and biological
reagents.

Characterization. The thin silica layer grown on Au film was
characterized by ellipsometry (J. A. Woollam M � 2000U Ellips-
ometer), which gave a mean thickness of 2.4 nm from 3 indepen-
dent samples. The Au nanopyramid arrays were imaged using a
JEOL JSM-7600F scanning electron microscope (SEM). The reflec-
tion spectra of Au nanopyramid arrays were acquired by an Ocean
Optics USB 4000 spectrometer. The fluorescence intensity of the
biosensor was measured with a compact point-of-care (cPOC)
fluorescence reader (cPoCLabFluo v2.3.0, LRE Medical GmbH,
München, Germany), where the excitationwavelengthwas 755 nm,
and the fluorescence emission wavelength was 775 nm.

Finite-Difference Time-Domain (FDTD) Simulation. The soft-
ware Lumerical FDTD Solutions was implemented to calculate the
optical properties of Au nanopyramid arrays, the electric field
enhancement, and the quantum efficiency enhancement. A mesh
size of 2 nm was used in all simulations. The permittivity of gold
used was from Johnson & Christy [50]. The refractive index was set
as 1.52 for the glass substrate. A plane wave was used as the input
light source. Perfectly Matched Layer boundary conditions were
imposed. A gold nanopyramid on glass was modelled to have a base
edge length of 140 nm and a height of 250 nm in this work. All the
simulations were performed in air, in consistent with experimental
conditions.

Detection of GFAP in Blood Plasma. GFAP were spiked into
blood plasma with various concentrations of 1.0, 2.0, 5.0, 1.0 � 102,
2.0 � 102, 5.0 � 102, 1.0 � 103, 2.0 � 103, 5.0 � 103, 1.0 � 104,
2.0 � 104, 5.0 � 104, 1.0 � 105 pg/mL, respectively. The detection
antibody was labelled with Dylight 755 following the above pro-
cedure. The capture antibody was immobilized on the silica-coated
Au nanopyramid arrays. Fluorescence detection was conducted in
air. For the ELISA test, GFAP were spiked to human blood plasma
with concentrations in a range of 0e1000 pg/mL. Following the
standard protocol accompanied with the ELISA kit, the optical
density of each microplate well was recorded by a BioTek 800 TS
absorbance reader.

3. Results and discussions

Operating Principle of Biosensor. Fig. 1 shows the schematic
detection principle. A gold nanopyramid array was coated with a
3

thin layer of silica and then functionalized with the capture anti-
body. In addition, the solution of the detection antibody labelled
with Dylight 755 was stored in stock. To realize biosensing, a cap-
ture antibody-functionalized Au nanopyramid array was incubated
into the analyte solution for 30 min. After rinsing with PBS buffer,
the Au nanopyramid array was then incubated into the Dylight-
labelled detection antibody solution for additional 30 min. After
rinsing with PBS buffer and dried using compressed air, the Au
nanopyramid array with the captured analyte and the detection
antibody was measured with a portable fluorescence reader.

Characteristics of Gold Nanopyramid Arrays. The as-fabricated
Au nanopyramids were arranged hexagonally with a base edge
length of 141 nm, as shown in Fig. 2(a) and (b). The plasmonic
corner modes were spectrally visible and exhibited as a reflection
peak at 735 nm, as shown in Fig. 2(c). FDTD simulation was
implemented to calculate the reflection spectra for an Au nano-
pyramid with a height of 250 nm and a base edge length of 140 nm
on glass (Fig. 2(c)). Two orthogonal polarizations were considered
during simulation. The overall spectral line shapes were consistent
with the experimental one. For one polarization as shown in the
purple curve in Fig. 2(c), the longest wavelength peak at about
830 nm came from the plasmonic corner mode, the second longest
at about 750 nm from a mixture of the corner and edge modes, and
the others from higher-order modes. For other polarization indi-
cated by the orange curve in Fig. 2(c), the major peak at about
775 nm corresponded to a mixture of corner and edge modes.
These corner and edge modes were discernible from the calculated
electric field distributions, as shown in Fig. S2. It is noted that lack
of these fine features on the experimental reflection spectrum can
be reasonably ascribed to the rounded corners and edges.

Free-standing gold nanoparticles, gold nanorods, and silver
nanoparticles have shown plasmon-enhanced activity in literature.
However, free-standing metal nanoparticles tend to aggregate in
aqueous sample matrices with high ionic strength, such as blood,
serum and plasma. To avoid the particle aggregation problem, the
gold nanopyramid array is chosen herein. The gold nanopyramid
array chip facilitates stronger light outcoupling owing to the large
dimension of an individual nanopyramid as compared to colloidal
gold/silver nanoparticles. Especially, the sharp edges and vertices of
the pyramids can provide an intense local electromagnetic field for
strong excitation enhancement of fluorescence emission. In addi-
tion, the size and pitch of the gold nanopyramids in the array
pattern can be fabricated using the well-established nanosphere
lithography method in a repeatable and controllable manner.
Moreover, the gold nanopyramid array also makes it easy to control
the separation distance between the fluorophore and the plas-
monic nanostructure.

To assess the role of a plasmonic Au nanopyramid array in
fluorescence enhancement, 10 mL of 1 mg/mL Dylight 755 was drop-
coated on a glass, a gold film, and a gold nanopyramid array sub-
strate coated with a 2.4 nm thick silica layer. Coating a thin layer of
silica on the Au nanopyramid array was to minimize the fluores-
cence quenching due to direct contact between the metallic
nanostructure and the fluorophore. Fig. 2(d) shows the fluores-
cence enhancement factors normalized by the glass substrate. The
fluorescence enhancement factors were found to be 0.5 and 8 for
the planar Au film and the silica-coated Au nanopyramid array,
respectively. It indicates that the fluorescence was partially
quenched on the planar Au film but enhanced by 8-fold on the
silica-coated Au nanopyramid array. Therefore, the Au nano-
pyramid array substrates proved effective in amplifying the fluo-
rescence intensity of NIR fluorophores. It is noted that the 8-fold
enhancement was obtained when the separation distance between
the Au surface and the fluorophore was 2.4 nm.

Detection of TBI Biomarker in Blood Plasma. Various



Fig. 1. Operating principle of the plasmonic fluorescent biosensor.

Fig. 2. (a) SEM image of the Au nanopyramid arrays; (b) Statistic analysis of the pyramid base edge length, which was found to be 141 nm based on Gaussian fitting; (c) Comparison
of the experimental absorption curve (solid olive curve) and the FDTD-simulated data (dash and dash dotted curves corresponding to two orthogonal polarizations shown as the
blue arrows) reflection spectra with an input plane wave incident from the top; (d) Enhancement factor (EF) of the fluorescence intensity of Dylight 755 fluorophore on the Au film
and the Au nanopyramid array coated with a 2.4 nm thick silica film as normalized by that on the glass. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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concentrations of GFAP in blood plasma were tested using the
plasmonic fluorescent biosensor, as shown in Fig. 3(a). The glass
substrate without the Au nanoarray was used as a control under the
same testing conditions. The fluorescence intensity was corrected
in reference to the background, that is, it was subtracted by the
background signal of the negative control, i.e., the blood plasma
without any GFAP biomarker. The resultant data increased with the
logarithmic concentration of GFAP for both the sensors and reached
a saturated status. The plasmonic fluorescent biosensor displayed a
wider linear detection range from 1.0 pg/mL to 500 pg/mL as
compared to that (1.0 ng/mL to 10 ng/mL) of the glass substrate, as
shown in Fig. 3(b). The linear working concentration range was
4

fitted with equations of y ¼ 127xþ147, R2 ¼ 97% and y ¼ 90x-182, R2

¼ 98% for the plasmonic fluorescent biosensor and the glass sub-
strate, respectively. The plasmonic fluorescent biosensor exhibited
a larger slope, indicating better sensitivity. The LOD of the plas-
monic fluorescent biosensor was 0.6 pg/mL toward GFAP biomarker
in blood plasma, which was estimated based on three times signal-
to-noise ratio. In contrast, the LOD of the glass substrate sensor was
0.4 ng/mL.

The standard ELISA method was also used to quantify the GFAP
spiked in human blood serum. It took about 6 h to perform ELISA
measurement. The LOD of the ELISA method was calibrated to be
9.8 pg/mL, which was higher than the LOD (0.6 pg/mL) of our



Fig. 3. Detection of Glial Fibrillary Acidic Protein (GFAP) biomarker in blood plasma using based on Au nanopyramid arrays. (a) Performance comparison of the biosensor towards
the detection of GFAP in blood plasma on the silica-coated Au nanopyramid arrays and on glass; (b) The linear working range extracted from (a).
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plasmonic fluorescent biosensor. Furthermore, the linear working
range of the ELISA method (up to 250 pg/mL in Fig. S3(b)) was
narrower than that of our plasmonic fluorescent sensor (up to
500 pg/mL). In short, our plasmonic fluorescent biosensor exhibi-
ted a shorter measurement time, better sensitivity, andwider linear
detection range.

Improvement in LOD was attributed to the excited surface
plasmons on the Au nanopyramid arrays, which enhanced fluo-
rescence through combined excitation and emission enhancement
mechanism. See detailed numerical simulation in the next section
and Supporting Information. As opposed to surface-enhanced
Raman scattering (SERS) that requires the Raman molecules to be
in close proximity to the plasmonic metallic surface, fluorescence
enhancement requires separation of the dye molecules away from
the plasmonic metal surface for an optimal separation distance
(10e30 nm) to maximize the plasmon enhancement [51,52] In this
work, the separation distance between Dylight 755 and the gold
nanopyramid array was controlled by two parameters: (i) A thin
silica layer is conformally coated on the gold nanopyramid array,
which also prevented direct charge transfer, avoiding fluorescence
quenching; and (ii) The separation distance was also dependent on
the dimension of the capture antibody-antigen-detection antibody
complex. As Dylight 755 was labelled on the detection antibody, it
was siting on the far end of the complex. The molecular weights of
the GFAP antibody and antigen were ~50 kDa and 50 kDa, respec-
tively, which yielded the estimated size of around 3.3 nm for each
protein and led to around 9.9 nm-sized complex. Combining both
the thin silica layer and the capture antibody-antigen-detection
antibody complex, Dylight 755 was estimated to be around
10e13 nm away from the gold nanopyramid array.

Several papers have reported the immunoassays for GFAP
detection, as listed in Table S1. Most of those immunoassays have
been applied to the PBS buffer sample matrices. In those cases, the
GFAP analyte must be extracted from blood to a PBS buffer prior to
detection, which requires long time for separation and washing.
Our NIR fluorescence biosensor can be directly applied to blood
plasma because both the excitation (755 nm) and the emission
(775 nm) wavelengths of the NIR fluorophore fall into the first
biological transparencywindow (650e950 nm) [53]. This biosensor
also has a much shorter assay time. Furthermore, our NIR fluores-
cence biosensor exhibits the lowest LOD as compared to the re-
ported immunoassays due to the use of the plasmonic gold
nanopyramid nanoarray pattern. In addition, the cut-off value of
GFAP for mild TBI is around 60 pg/mL [7,8] which falls within the
linear detection range of our plasmonic fluorescent biosensor. This
implies that our NIR fluorescence biosensor can be potentially
5

applied for screening of mild TBI by measuring the GFAP biomarker
concentration in blood plasma.

FDTD Calculation of Fluorescence Enhancement. To under-
stand the origin of the fluorescence enhancement on the Au
nanopyramid array, FDTD calculations were implemented. Detailed
description of FDTD calculation can be found in Section S1 in
Supporting Information. In our study, the NIR fluorophore used is
Dylight 755, which has an intrinsic quantum efficiency of 11.9%
[45], among the highest of near-infrared fluorophores. In calcu-
lating the excitation enhancement, two orthogonal polarizations
were considered for the excitation light source; the transition
dipole moment of Dylight 755 perpendicular and parallel to the
surface of Au nanopyramid were both considered and averaged to
give the quantum efficiency enhancement. A total of 121 points on
the plane, which was 10 nm away from the surface of the Au
nanopyramid coated with a 2.4 nm silica, were calculated to map
the excitation enhancement, the emission enhancement, and the
fluorescence enhancement. The calculated results were shown in
Fig. 4. Large excitation enhancement was found near and around
the pyramid corner area. Nevertheless, the quantum efficiency was
found to be reduced at the pyramidal corners, which was attributed
to the energy loss associated with the tightly confined local electric
field at the corners, giving rise to an enhanced non-radiative decay.
Nevertheless, the intense local electric field enhancement effec-
tively compensated the quantum efficiency reduction and ended up
enhancing the fluorescence across the entire nanostructure. A
maximum fluorescence enhancement factor of 45 was achieved in
the polarization direction as specified in Fig. 4(e). In themeanwhile,
large fluorescence enhancement factors could be found near and
around the pyramid corner area. This indicated that the excitation
enhancement was primarily responsible for the fluorescence
enhancement on Au nanopyramid arrays.

It is noted that the Au nanopyramid array-based biosensor ex-
hibits almost three orders of magnitude improvement in the LOD as
compared to the glass-based counterpart (Fig. 3). This could be
attributed to the “sandwich” immuno-construct that helps position
the dye molecules at a more favorable distance for higher fluores-
cence enhancement among other factors, such as the anisotropic
pyramidal shape, orientation of antibodies on the pyramidal sur-
face, and the large scattering efficiency of Au nanopyramid arrays
[54], all of which may have contributed to the fluorescence
enhancement but cannot be reasonably captured by FDTD simu-
lations. In addition, the fluorescence enhancement factor of 45 was
calculated for only one dye molecule on the most intense site. In
fact, hundreds of molecules are located on different sites over the
whole substrate. The collective fluorescence signals from all those



Fig. 4. Calculation of fluorescence enhancement factors. (a) Scheme of the three planes (blue, each being 10 nm away from the surface of Au nanopyramid) on which the local
electric field enhancement, quantum efficiency enhancement, and fluorescence enhancement were calculated; (b) and (c) Local electric field enhancement under orthogonal
polarizations shown as blue arrows; (d) quantum efficiency enhancement averaged from the dipole perpendicular and parallel to the surface of Au nanopyramid array; (e) and (f)
fluorescence enhancement factors under orthogonal polarizations shown as blue arrows. Light was incident from the top. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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dye molecules were believed to contribute to the enhancement of
fluorescence intensity.

4. Conclusions

In summary, a plasmonic fluorescent biosensor was developed
for GFAP biomarker detection in blood plasma. Compared to ELISA
and other GFAP immunosensors, this plasmonic fluorescent
biosensor exhibited a low LOD in blood plasma due to the com-
bined use of the plasmonic nanostructure and the NIR fluorophores
in the first biological transparency window. Notably, a portable
fluorescence readerwas used to record the fluorescence signal from
the plasmonic chip instead of a sophisticated spectrofluorometer.
Detection of biomarkers with a portable device can enable rapid
assessment of TBI in an emergency department or bedside, which
will save costs and assist TBI diagnosis, benefit to early medical
intervention. FDTD simulation unveiled that fluorescence
enhancement was due to the excitation enhancement from the
intense local electric field on the sharp corners and edges of the Au
nanopyramid array.
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