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A B S T R A C T

Fibrinogen, which is a glycoprotein that circulates in the blood, plays various important biological roles, e.g., in
blood coagulation, fibroblast proliferation, angiogenesis, and wound healing. Abnormal levels of fibrinogen in
plasma have been identified as a key biomarker of a variety of disorders from cardiovascular diseases to he-
mophilia. Therefore, the development of a quantitative assay for fibrinogen in the blood has emerged as an
important issue for the prevention and diagnosis of these diseases. Meanwhile, it is well known that erythrocytes
can selectively capture fibrinogen because of the fibrinogen receptor expressed on their plasma membrane.
Inspired by these biological interactions, herein, we devised an erythrocyte membrane (EM)-blanketed biosensor
based on localized surface plasmon resonance (LSPR) for highly sensitive detection of fibrinogen. By placing the
EM onto a nanoparticle-on-substrate, we enhanced the LSPR signal, achieving highly sensitive and selective
detection of fibrinogen. We demonstrated that fibrinogen detection is possible over a wide concentration range,
0.001–5.000mg/mL, which can cover normal and pathological blood fibrinogen levels. In addition, it was
verified that the biosensor selectively detects fibrinogen in comparison with other human-blood-plasma com-
ponents. The nanoplasmonic sensor blanketed with the EM opens up new opportunities for the development of a
robust fibrinogen-sensing technology.

1. Introduction

Fibrinogen, which is produced by the liver, is a glycoprotein that
circulates in the blood (Campuzano et al., 2014; Tennent et al., 2007).
When a tissue or vascular injury occurs, fibrinogen is converted by
thrombin to fibrin, to subsequently form blood clots (Wu et al., 1991).
Through this process, fibrinogen blocks the damaged blood vessels and
serves to stop excessive bleeding (Lowe et al., 2004; Levy et al., 2013).
In addition, it has been reported that fibrinogen mediates many pro-
cesses such as endothelial-cell spreading (Dejana et al., 1990), fibro-
blast proliferation (Sahni et al., 1999), capillary-tube formation (Bach
et al., 1998), angiogenesis (Shiose et al., 2004), and wound healing
(Laurens et al., 2006). The reference level of fibrinogen in human blood
is 1.5–4.5 mg/mL (Chen et al., 2011; Lowe et al., 2004). Nonetheless,
abnormal concentrations of fibrinogen in blood plasma can cause var-
ious disorders (Lowe et al., 2004). In particular, a lower concentration
of fibrinogen increases the risk of bleeding because blood coagulation is

inhibited; this condition is commonly known as hemophilia (Neerman-
Arbez and Casini, 2018). Additionally, a higher concentration of fi-
brinogen has been identified as an important biomarker of cardiovas-
cular disease (Ernst, 1993; Kaptoge et al., 2012). Recently, it was shown
that in addition to its association with vascular diseases, fibrinogen is
associated with cancer (Simpson-Haidaris and Rybarczyk, 2001). Fi-
brinogen is an important factor for the metastatic potential of circu-
lating tumor cells (Palumbo et al., 2000) and has attracted much in-
terest as a prognostic biomarker of survival of patients with ovarian
(Polterauer et al., 2009) or gastric (Lee et al., 2004) cancer.

Due to the clinical importance of fibrinogen, the development of
sensitive and selective assays for accurate detection of fibrinogen is still
highly relevant in biomedical and clinical research. To date, many
analytical methods for fibrinogen have been devised (Garvey and Black,
1972; Lowe et al., 2004). For example, the Clauss method is commonly
used to detect fibrinogen via the measurement of clotting time in the
presence of thrombin; this method has a detection range of
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0.30–2.07mg/mL (Miesbach et al., 2010). Similarly, the prothrombin
time test has been developed, in which the fibrinogen concentration is
estimated based on the process of clotting triggered by prothrombin;
this method has a detection range of 0.97–4.87mg/mL (Miesbach et al.,
2010). Nevertheless, these assays have several problems: the results of
these tests can differ depending on the analytical method and experi-
mental conditions such as the blood sampling method, sample storage
conditions, sample incubation time, and the incubation temperature
(Mackie et al., 2003; Piccione et al., 2010).

Meanwhile, various immunological methods for fibrinogen sensing
(e.g., enzyme-linked immunosorbent assay [ELISA], radial immune
diffusion, and immune nephelometric assay) have been reported
(Brittin et al., 1972; Lowe et al., 2004; Schifreen et al., 1985). Elec-
trochemical immune sensing and amperometric magnetoimmunosen-
sing have been developed as improvements to this immunological assay
(Campuzano et al., 2014). Nonetheless, these immunological assays
require a label (e.g., an antibody); thus, these methods for the detection
of fibrinogen are costly. Recently, to overcome this obstacle, various
nanoparticle-based assays have been developed (Chen et al., 2011).
This method is based on fibrinogen–nanoparticle interactions for de-
tection of fibrinogen without specific labeling. Despite these efforts,
these nanoparticle-based detection methods can hardly cover the con-
centrations of fibrinogen associated with fibrinogen disorders caused by
its excess or deficiency.

Among sensor methods, surface plasmon resonance (SPR) sensors
have attracted attention due to efficient sensing capability. SPR is an
optical phenomenon involving electromagnetic oscillations of free
electrons propagating along the surface of a metal film through a prism
(Yola et al. 2014a, 2014b). To date, SPR has been employed as a ver-
satile detection method for analysis of various biomolecules through
the measurement of changes in the refractive index (Atar et al., 2015a;
Yola et al., 2015). Recently, techniques for coupling (of nanoparticles
with thin metal films) and the molecular imprinting method involving a
polymer were reported to enhance the SPR response in biosensors (Atar
et al., 2015b; Özkan et al., 2019). Meanwhile, localized surface plasmon
resonance (LSPR) of metal nanostructures—such as bulk solutions of
nanoparticles, nanoparticle arrays, and single nanoparticles— is used to
detect biomolecules through a shift of resonant wavelength in response
to a refractive index change. LSPR-based sensors are crucial for the
detection of biomolecules and biointeractions because this is a sensitive
and label-free approach. Moreover, the LSPR method provides a con-
venient way to mass-produce and low-cost biosensors (Hong et al.,
2018).

In this study, we developed a highly sensitive and selective nano-
plasmonic biosensor of fibrinogen using erythrocyte membrane (EM)-
blanketed gold nanoparticles (AuNPs). As the EMs are attached to the
substrate, not only do the nanoparticles become well dispersed on the
substrate, but the surface area of the substrate also increases, thereby
improving the LSPR phenomenon and increasing sensitivity of the fi-
brinogen detection. The nanoparticles are well immobilized on the
nanoplasmonic substrate and stay there even after various chemical
treatments. In addition, this biosensor does not require additional labels
such as antibodies and aptamers; EMs also increase the fibrinogen-
capture efficiency of the sensor by taking advantage of the nature of the
interaction between fibrinogen and its specific receptor present on the
EM. Using this strategy, we demonstrated that highly sensitive fi-
brinogen detection by the nanoplasmonic sensor is possible over a wide
concentration range, 0.001–5.000mg/mL, in fibrinogen-spiked blood
plasma samples. We believe that this detection strategy involving EMs
has great potential for fibrinogen quantification and for the prevention
of various fibrinogen-related disorders such as afibrinogenemia, cryo-
fibrinogenemia, dysfibrinogenemia, hypofibrinogenemia, and even
cardiovascular diseases.

2. Materials and methods

2.1. Materials and reagents

All chemical reagents, such as gold (III) chloride trihydrate
(HAuCl4), trisodium citrate, sulfuric acid (H2SO4), hydrogen peroxide
(H2O2), 3-aminopropyltrimethoxysilane, fibrinogen from human
plasma, human serum albumin (HSA), γ-globulin from human blood,
and deionized (DI) water were purchased from Sigma-Aldrich, whereas
phosphate-buffered saline (PBS, 1× , pH 7.4, with calcium and mag-
nesium) was from Gibco.

2.2. Extraction of EMs

Erythrocytes were isolated from whole human blood by a previously
reported method (Kim et al., 2018). Whole blood was centrifuged at
1000×g for 5min at 4°C to separate erythrocytes from plasma and
buffy coats. After that, the precipitate including erythrocytes was col-
lected and washed thrice with 1× PBS at 4°C, before hemolysis. The
washed erythrocytes were resuspended in 0.25×PBS for 20min at 4°C
for hemolysis. As a result, hemoglobin and membrane proteins were
released into the solution. The hemolyzed suspension was centrifuged
at 1000×g for 5min to separate the cytoplasmic components from the
EM. The supernatant was removed, and the EM pellet was washed twice
with 1× PBS at 4°C.

2.3. Synthesis of AuNPs

Citrate-stabilized AuNPs were synthesized via the protocol reported
by the Puntes group (Bastús et al., 2011). One hundred and fifty mil-
liliters of a trisodium citrate solution (2.2 mM) was stirred by means of
a magnetic bar at up to 100°C. After the temperature of the solution
reached 100°C, 1mL of an HAuCl4 solution (25mM) was added. The
reagents were dispersed in DI water. The color of the solution changed
to soft pink in 10min. After this color change, the temperature of the
solution was immediately reduced to 90°C. Then, 1mL of the HAuCl4
solution (25mM) was injected into the reaction mixture. We added the
same amount of the HAuCl4 solution after 30min. The reaction com-
pleted after 30min. Finally, AuNPs were isolated from the resultant
solution by centrifugation and were resuspended in DI water.

2.4. Fabrication of an AuNP-based LSPR biosensor and blanketing of the
biosensor with EMs

The AuNP-based substrates for creation of the LSPR biosensor were
fabricated by our method described in a previous work (Hong et al.,
2018). The detailed process was as follows: A round cover slip (12mm
∅), which was the substrate, was cleaned with the piranha solution
(H2SO4 mixed with 30% H2O2 at 3:1). After that, the substrate was
washed with DI water and dried. The substrate was functionalized with
an amino group using 1mL of an ethanol-based 4% 3-aminopropyl-
trimethoxysilane solution for 30min to later immobilize the AuNPs on
the substrate. After the reaction, the substrate was repeatedly rinsed
with ethanol and DI water to ensure that the residual reagent was
completely removed, and then the substrate was baked at 60°C for 2 h.
Next, the amino group–functionalized coverslips were immersed in
1mL of the AuNP solution for 1 h, to immobilize the AuNPs on the LSPR
substrate, followed by washing with DI water. After the fabrication of
the AuNP-based LSPR substrate, we created an EM-blanketed LSPR
biosensor for high-sensitivity fibrinogen detection. To coat the AuNP-
based LSPR substrate with the EMs, the substrate was immersed in 1mL
of a 0.05 v/v% EM suspension for 1 h. The substrate was then gently
rinsed with DI water and dried.
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2.5. Experimental setup and recording of LSPR spectra

The spectra of the fabricated substrates were recorded on our
homemade LSPR sensing system. The sensing system and the LSPR
spectrum acquisition process were as follows: white light from an HL-
2000-FHSA tungsten-halogen light source (Ocean Optics) with a 2mm
beam diameter reached the substrate after passing through a colli-
mating lens and a tilting mirror. The light penetrating through the
substrate was analyzed by an HR4000 spectrometer (Ocean Optics). To
improve the reproducibility and repeatability of the LSPR biosensor, we
acquired the LSPR spectra at five points on three substrates.

2.6. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) analyses of the LSPR biosensor

SEM images were captured by a Quanta 250 FEG field emission
scanning electron microscope (Thermo Fisher Scientific). The LSPR
biosensor was coated with platinum of thickness up to 1 nm.
Additionally, to demonstrate the coating of the LSPR biosensor with
EMs, we performed AFM under a scanning probe microscope (SPM-
9700, Shimadzu, Japan) in tapping mode. The scan size of all images
was 0.09 μm2, and the scan rate was 0.6 Hz. The height analysis of the
AFM images was performed in the SPM-9700 Analysis software (SPM-
9700 Analysis, Shimadzu, Japan).

2.7. Fourier-transform infrared (FT-IR) spectroscopy

To cross-check the successful immobilization of EMs on the LSPR
biosensor, we collected FT-IR spectra of the surface of the LSPR bio-
sensor at a resolution of 4 cm−1 on a Spectrum 100 FT-IR spectrometer
(PerkinElmer, USA). The spectrum of each sample was recorded in the
range of 500–4000 cm−1.

3. Results and discussion

3.1. Strategy of fibrinogen detection with the EM-blanketed LSPR biosensor

The fundamentals of configuration of the EM-blanketed
AuNP–based LSPR biosensor for fibrinogen detection developed in this
work are described in Fig. 1. We fabricated the nanoplasmonic sub-
strate using AuNPs for fibrinogen detection via the LSPR system. First,
we treated the clean glass substrate with a 3-aminopropyltrimethox-
ysilane solution for 30min to later immobilize the AuNPs on the sub-
strate. Then, the amino group–functionalized substrate was immersed
in the AuNP solution for 1 h. We synthesized the AuNPs by a previously
published protocol (Bastús et al., 2011) with some modifications. The
absorbance spectra of the AuNPs, which were dispersed in solution,
were acquired on an ultraviolet–visible spectrometer (Fig. S1). After the
immobilization of the AuNPs, the substrate was analyzed by means of
our homemade LSPR sensing system; we then confirmed that the LSPR
phenomenon takes place on the fabricated substrate (dark grey line). As
a result, we observed that the absorbance peak of the nanoplasmonic
substrates was 507.88 ± 0.19 nm.

To effectively detect fibrinogen, we tested a strategy involving the
coating of the AuNP-based LSPR substrate with EMs. The reasons for
the use of EMs for effective sensing of fibrinogen are as follows.
Recently, Guedes et al. reported that increased aggregation of ery-
throcytes is linked to high fibrinogen concentration in plasma (Guedes
et al., 2017). This effect is related to the interaction between fibrinogen
and integrin receptors on the EM (Carvalho et al. 2010, 2011; Guedes
et al., 2017). From these results, we concluded that EMs can serve as a
good material for capturing fibrinogen, and we utilized the strategy for
increasing the fibrinogen sensing efficiency by blanketing the LSPR
substrate with EMs. The AuNPs dispersed on the substrate were well
immobilized by the EMs, thus overcoming such problems as the de-
tachment and aggregation of AuNPs owing to washing or external

influences on the substrate. In addition, the surface area of the LSPR
substrate increased due to the nanoparticles, as compared to that when
only EMs were present on the LSPR substrate. Moreover, the LSPR
phenomenon on the substrate can be improved after EMs attach to the
AuNP-based LSPR substrate (Fig. S2). These advantages improve LSPR
of the substrate for fibrinogen detection. Therefore, this strategy can
maximize the fibrinogen detection ability of LSPR.

To coat the AuNP-based LSPR substrate with EMs, the substrate was
immersed in and reacted with the EM suspension for 1 h. After the EM-
coating process, the EM-blanketed LSPR biosensor was ready. Using this
LSPR system, we observed a red shift in the absorbance peak of the EM-
blanketed LSPR biosensor (blue line). We then treated the biosensor
with fibrinogen and found that the absorbance peak shifted remarkably
(red line). Following this strategy, we presented the results of fi-
brinogen detection by the EM-blanketed LSPR biosensor, which was
found to effectively detect fibrinogen, a major biomarker of various
diseases.

3.2. Optimization of the AuNP-based LSPR substrate depending on binding
time of AuNPs

The nanoplasmonic substrate is the most important component of a
biosensor based on LSPR (Feuz et al., 2010). When the LSPR substrate is
fabricated, the binding time of AuNPs is important because it can de-
termine the amount of AuNPs deposited on the substrate or the distance
between AuNPs. To optimize the nanoplasmonic substrate, we fabri-
cated the LSPR substrate at different binding periods of AuNPs. We
examined the LSPR spectra of the fabricated substrates while changing
the binding time of the AuNPs on the substrate from 30min to 2 h. As
shown in Fig. 2a, the color of the LSPR substrate changed from light red
to dark blue as a function of the binding time of AuNPs on the substrate.
As depicted in Fig. 2b–d, we investigated the LSPR spectra of each
substrate at different binding periods. As a result, we found that the
absorption peak was weak at the AuNP-binding time of 30min
(Fig. 2b). This means that the AuNP-binding time of 30min is not en-
ough for the attachment of a sufficient amount of the AuNPs to the
substrate, thereby reducing LSPR. On the contrary, at the binding time
of 1 h, it was found that the intensity of the absorption peak was the
highest (Fig. 2c). This finding indicates that many AuNPs were stably
attached to the substrate in the 1-h binding condition. By contrast,
when the binding time of the AuNPs on the substrate was longer than
2 h, another absorption peak emerged between 600 and 700 nm owing
to aggregation of the particles (Figs. 2d and S3). This phenomenon
coincided with the change of the substrate color from red to blue at the
AuNP-binding time of 2 h (Fig. 2a). In addition, by SEM imaging, we
confirmed that the AuNPs on the substrate were uniformly dispersed
without particle aggregation at the binding time of 1 h (Fig. 2e). The
size of the AuNPs was uniform: 20 nm (Fig. 2f). On the basis of the LSPR
spectral results, we determined the optimum binding time of the AuNPs
on the substrate to be 1 h.

3.3. Coating of the AuNP-based LSPR substrate with EMs

As mentioned above, we used a strategy of blanketing the AuNP-
based LSPR substrate with the EM for effective fibrinogen detection. To
verify whether the EMs were properly attached to the substrate, we
performed AFM topology imaging (Fig. 3a). According to the topolo-
gical AFM images of the AuNP-based LSPR substrate (i.e., not blanketed
with EMs) and EM-blanketed LSPR substrates, the height of the sub-
strates was 20.09 ± 0.82 and 22.03 ± 1.06 nm, respectively. It was
shown that the entire height of the AuNP-based LSPR substrate in-
creased slightly after the EM blanketing, suggesting that the substrate
was thoroughly coated with the EMs. Of note, after the SEM analysis,
we found that the AuNPs were uniformly dispersed on the substrate
after the blanketing of the AuNP-based LSPR substrate with the EMs
(Fig. S4). After that, it was confirmed that the dispersion of AuNPs was
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maintained after chemical treatment of the substrate, including
washing with DI water; thus, the LSPR signal was stably detectable. To
cross-check whether the EMs were attached well to the substrate, we
performed FT-IR analysis. Novel FT-IR peaks were observed for the EM-
blanketed LSPR biosensor, compared to the nonblanketed LSPR sub-
strate (Fig. 3b). In particular, the FT-IR spectrum of the EM-blanketed
LSPR substrate shows amide I, amide II, COO− from carboxylate groups
of proteins, and CH2/CH3 deformations from the lipids of the EM
(Kozicki et al., 2015). Vibrations in the 3500–3100 cm−1 region de-
rived from water O–H antisymmetric and symmetric stretching vibra-
tions were observed too (Kozicki et al., 2015). In addition, we in-
vestigated the differences between the nonblanketed and EM-blanketed
LSPR substrates by means of the LSPR system (Fig. 3c). Before the EM
blanketing, the absorbance peak of the LSPR substrate was observed at
507.88 ± 0.19 nm. The absorbance peak of the LSPR substrate shifted
to 514.01 ± 0.10 nm after the EM blanketing. Due to these differences,
we confirmed that the LSPR phenomenon could be enhanced by the

blanketing of the AuNP-based LSPR substrate with EMs.
Furthermore, reliability and reproducibility are key parameters that

must be considered during biosensor design. Accordingly, many re-
searchers have attempted to improve these parameters by chemical
treatment of the sensor surface in a variety of ways (Grimaldi et al.,
2016). By blanketing the substrate with EMs, we were able to uniformly
distribute the fibrinogen receptor on the LSPR substrate. To demon-
strate the reliability of the EM-blanketed LSPR biosensor and re-
producibility of its results, we recorded LSPR spectra at several points
on one LSPR substrate after treatment with fibrinogen (Fig. 3d). When
the EMs were not present on the substrate, although the LSPR signal
was detected, the LSPR spectra were uneven: varied among different
regions. On the other hand, the LSPR spectra of the EM-blanketed LSPR
biosensor were uniform in all the different regions. The consistency of
the LSPR spectral results can be attributed to the fact that the fibrinogen
receptors present on the EMs uniformly coat the LSPR substrate. These
results indicate that fibrinogen can be detected in all LSPR substrate

Fig. 1. Schematic diagram of proof-of-concept detection of fibrinogen using the EM-blanketed LSPR biosensor.
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regions because of the EMs, meaning that sensitivity of the LSPR sensor
and reproducibility and repeatability of its results were increased by the
EMs.

3.4. Analytical performance of the EM-blanketed LSPR sensor on fibrinogen
detection

After coating the AuNP-based LSPR substrate with the EMs, we
performed fibrinogen detection over a wide concentration range,
0.001–5.000mg/mL, which covers both the normal and pathological
blood fibrinogen levels (Fig. 4). Of note, in the SEM images, we found
that EM-blanketed nanoparticles were wrapped in fibrinogen (Fig. 4a).
This phenomenon is consistent with the results of studies by the Min-
chin group on the interaction between nanoparticles and fibrinogen
(Deng et al., 2012). In particular, they reported that multiple protein
molecules (i.e., fibrinogen) can bind nanoparticles, thus leading to a
highly packed fibrinogen corona, when the size of the nanoparticles is
greater than 12 nm (Deng et al., 2012). In our experiments, the size of
AuNPs was 20 nm, which means that fibrinogen can be packed among
the particles and form a fibrinogen corona. The formation of the fi-
brinogen corona can lead to a red shift of the LSPR absorbance peak.

Meanwhile, to examine how the concentration of EMs on the LSPR
substrate affects the fibrinogen sensing, we treated the substrate with a
fixed concentration (0.01 mg/mL) of fibrinogen, while changing the
concentration of the EMs (0.05–5.00 v/v%) on the substrate. First,
before the fibrinogen treatment, we measured the absorbance of the
LSPR substrate blanketed with different concentrations of EMs (Fig. S5).
Next, we measured absorbance of the LSPR substrate after fibrinogen
treatment (Fig. 4b). When the concentration of EMs was 5 v/v%, the
shift in the LSPR absorbance peak (Δλmax) of the substrate under the
influence of fibrinogen treatment was almost negligible. Consequently,
it is fair to say that when the LSPR substrate is covered with too much
membrane, the red shift in the LSPR absorption peak due to fibrinogen
decreases. The red shift is reduced because the EM-blanketed LSPR
biosensor deviates from the measurable refractive index ranges. The
absorbance peak shifted more at a low concentration of EMs (i.e., 0.5 v/
v%) than at their high concentration (i.e., 5 v/v%), but this arrange-
ment was still insufficient to effectively detect fibrinogen. When 0.05 v/
v% EM was applied to the substrate, it was observed that the shift in the
LSPR absorbance peak was significant after the fibrinogen reaction, as
compared to that in the other EM-blanketing conditions. Accordingly,
we found that there is an optimal EM-covering concentration for de-
tection of the LSPR phenomenon after the reaction of the substrate with
fibrinogen; the fibrinogen detection experiment was performed by
fixing the EM concentration at 0.05 v/v%.

After optimization of the EM concentration on the LSPR substrate,
we carried out a proof-of-concept experiment for fibrinogen detection
over a wide concentration range, 0.001–5.000mg/mL, in PBS. Our
proof-of-concept detection of fibrinogen was successful (Fig. 4c); when
the target protein (i.e., fibrinogen in our experiment) was adsorbed on
the surface of the LSPR biosensor, this adsorption induced a change in
the refractive index of the LSPR substrate, which was monitored by
means of the shift in the absorbance peak in the LSPR spectrum. In a
control experiment, in the absence of fibrinogen treatment, the shift in
the maximum absorbance peak (Δλmax) was ∼3 nm (black dashed line
in Fig. 4c). This result may reflect a change in the refractive index
owing to the presence of various ions in PBS. Due to the binding of
fibrinogen to the LSPR substrate, Δλmax increased from 5 to 26 nm as
the concentration of fibrinogen increased from 0.001 to 5.000mg/mL.
The values of the shift in the maximum absorbance peak (Δλmax) for
fibrinogen concentrations 0.0001, 0.01, 0.1, 1, and 10 were
4.84 ± 0.33, 8.81 ± 1.07, 13.69 ± 0.66, 20.65 ± 1.14, and
26.30 ± 1.01 nm, respectively. The Δλmax values for various con-
centrations of fibrinogen are presented in detail in Supplementary In-
formation (Fig. S6). The Δλmax corresponding to the increase in the
fibrinogen concentration manifested a good linear relation (R2= 0.99)

Fig. 2. LSPR effect depending on the binding time of AuNPs on the substrate. a)
Optical images of the LSPR substrate after it was subjected to different AuNP-
binding periods (30min, 1 h, and 2 h). LSPR spectra of each substrate at the
different AuNP-binding periods, b) 30min, c) 1 h, and d) 2 h (a.u.: arbitrary
units). e) SEM image of the LSPR substrate after the 1-h binding. f) Histogram of
the particle size of the LSPR substrate after the 1-h binding.
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on a logarithmic scale. The limit of detection (LOD) of this EM-blan-
keted LSPR biosensor for fibrinogen was 0.001mg/mL. These results
indicated that the EM blanketing could be a good way to improve fi-
brinogen detection sensitivity of the LSPR method.

3.5. Selectivity testing and fibrinogen detection in a plasma sample using the
EM-blanketed LSPR sensor

To test specificity of the nanoplasmonic biosensor, we treated the
EM-blanketed LSPR sensor with different solutions of fibrinogen
(0.01 mg/mL), HSA (0.01 mg/mL), and γ-globulin (0.01mg/mL). All
the proteins were dissolved in PBS. We chose HSA and γ-globulin for the

selectivity testing of the biosensor because they are the most abundant
proteins in blood (Zhang et al., 2017). Fig. 5a shows relative Δλmax

after the sensor was treated with each solution. The relative Δλmax % is
the percentage value between the Δλmax of each interfering sample (i.e.,
human serum albumin, γ-globulin, and fibrinogen) and the Δλmax of
fibrinogen. The relative Δλmax % is defined as Relative Δλmax

(%)= Δλmax(interfering molecules)/Δλmax(fibrinogen), where Δλmax(interfering

molecules) is the maximum wavelength change with the addition of each
type of interfering molecules, and Δλmax(fibrinogen) is the maximum
wavelength change with fibrinogen. In the case of HSA and γ-globulin,
relative Δλmax was less than 10%, whereas the relative Δλmax of fi-
brinogen was more than 100%. Therefore, it is fair to say that

Fig. 3. Validation of blanketing of the LSPR
biosensor with EMs. a) Height analysis be-
fore and after blanketing of the LSPR bio-
sensor with EMs according to AFM topolo-
gical images. b) FT-IR spectra of the amine
group–functionalized substrate, substrate
coated only with EMs, AuNP-based LSPR
substrate, and EM-blanketed LSPR bio-
sensor. c) LSPR spectra of the AuNP-based
LSPR substrate and EM-blanketed LSPR
biosensor. The inset depicts the shift in the
LSPR absorbance peak (λmax) of the AuNP-
based LSPR substrate and EM-blanketed
LSPR biosensor. d) Normalized shift of the
LSPR absorbance peak (Δλmax) in different
regions on one substrate. The inset illus-
trates five other spots analyzed on the sub-
strate.

Fig. 4. Highly sensitive fibrinogen detection by the EM-blanketed LSPR biosensor. a) SEM image of the EM-blanketed LSPR biosensor treated with fibrinogen. The
inset is an SEM image of the LSPR sensor before the fibrinogen treatment. b) Shift in the maximum LSPR absorbance peak depending on the concentration of EMs on
the LSPR biosensor after fibrinogen treatment. c) Fibrinogen detection by the EM-blanketed LSPR biosensor over a wide range of concentrations (0.001–5.000mg/
mL).
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fibrinogen is selectively detected by EM-blanketed LSPR biosensors as
compared to other proteins such as HSA and γ-globulin.

We conducted further experiments to verify whether the LSPR
biosensor can detect fibrinogen in human plasma samples. We validated
the level of fibrinogen in the plasma by ELISA method. (Fig. S7). Fig. 5b
illustrates the changes in Δλmax of the EM-blanketed LSPR biosensor
after treatment with a 10-fold–diluted plasma sample spiked with
0–1mg/mL fibrinogen. The values of shift of the Δλmax for fibrinogen
concentrations 0, 0.01, 0.1, and 1 were 14.56 ± 0.10, 15.81 ± 0.12,
22.02 ± 1.09, and 28.69 ± 0.35 nm, respectively. We found that fi-
brinogen detection was possible in a range of 0.01–1mg/mL. Compared
to the results obtained in PBS, the sensitivity of fibrinogen detection
was somewhat worse due to unknown proteins present in the plasma
sample. The LOD of this sensor for fibrinogen was found to be 0.01mg/
mL (p-value < 0.0001) in the plasma sample. Judging by these results,
we believe that this selective LSPR sensor has a great potential for
detecting fibrinogen in actual samples.

4. Conclusions

In this work, we devised a highly sensitive EM-blanketed LSPR
biosensor that can detect fibrinogen over a wide range of concentra-
tions, even in human blood plasma samples. In our experiments, it was
demonstrated that the concentrations of fibrinogen could be differ-
entiated in the range of 0.001–5.000mg/mL after coating of the surface
of the LSPR biosensor with EMs. This wide-range fibrinogen assay has
excellent advantages in detecting a fibrinogen excess or deficiency in
plasma samples. The strategy of coating the substrate with EMs is ad-
vantageous for the detection of fibrinogen using the nanoplasmonic
phenomenon; an appropriate concentration of EMs can enable stable
attachment and retention of AuNPs on the substrate. This approach can
not only improve the LSPR signal but also measure a wide range of
fibrinogen concentrations. Additionally, it is possible to increase the
efficiency of capture of fibrinogen by evenly spreading the receptor
present on the EMs across the substrate, thus obviating additional la-
beling. This strategy can both improve the sensitivity of fibrinogen
detection and offer a selective fibrinogen assay unaffected by other
proteins. As a pilot study, we believe that this new method involving
EMs holds great promise for fibrinogen sensing for the prevention of
various diseases.
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