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Fibrinogen participates in many physiological processes and is a biomarker for a variety of diseases. On
this account, the development of a sensitive method for fibrinogen assay is particularly important. Herein,
we demonstrate a new color-coded single-particle detection (SPD) method for fibrinogen detection by
using platelet membrane-coated fluorescent polystyrene nanoparticles (PNPs) as the probes. Due to the
specific interactions between fibrinogen and integrin receptors on platelet membranes, PNPs can form
aggregated structures in the presence of fibrinogen. Therefore, colocalization events between green and
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red PNPs and the corresponding Pearson’s correlation coefficient vary with the concentrations of fibrino-
gen. The sensing ability shows a linear range of 30-300 pg mL™ and a limit of detection (LOD) of 3.9 g
mL~! (11.3 nM) for fibrinogen detection. Moreover, it has been validated that the proposed biosensor can
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Introduction

Fibrinogen is a 340 kDa plasmatic glycoprotein produced by
the liver and participates in the final step of blood coagulation.
It plays an important role in capillary formation, angiogenesis,
cell differentiation and wound healing."* The normal fibrino-
gen concentration range in the human body is 2-4 mg mL™".
It has been reported that abnormal concentrations of fibrino-
gen in plasma are associated with many diseases. Elevated
fibrinogen levels are important biomarkers of cardiovascular
diseases,®> while lower levels indicate the risk of bleeding and
are also closely related to liver diseases. Recently, extensive
research has shown that fibrinogen is a biomarker of myocar-
dial infarction, atherosclerosis® and Alzheimer’s disease.’ In
addition, it is also a prognostic blood marker for survival in
patients with certain types of cancer.®”® Therefore, the develop-
ment of a sensitive and reliable method for the quantification
of fibrinogen is of great significance.
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selectively detect fibrinogen and shows a good performance in real sample applications.

To date, many detection methods have been developed for
fibrinogen analysis. For example, the Clauss assay and pro-
thrombin time (PT)-derived assay are commonly used in clini-
cal analysis.” However, the outcomes usually depend on the
source of commercial reagents, analyzers and experimental
conditions.’® Some physical-chemical methods such as
salting-out and heating-precipitation are rapid and simple, but
they suffer from low sensitivity and poor selectivity. Some
immunological methods can these
shortcomings,"*™® however, they normally require tedious
modification procedures and expensive labels. To address
these problems, new fibrinogen quantification methods are in
urgent demand.

Recently, fibrinogen detection using a cell membrane
coating strategy has been developed. In order to detect fibrino-
gen sensitively, Park et al. devised an erythrocyte membrane-
blanketed biosensor based on localized surface plasmon reso-
nance."* Afterwards, an electrochemical impedance biosensor
modified using an erythrocyte membrane was developed.'’
Nowadays, cell membrane-coated nanoparticles are becoming
more and more popular in many areas.'®>* This class of nano-
materials are characterized by nanoparticulate cores coated
with membrane derived from various cells, such as red blood
cells, white blood cells, platelets, cancer cells or bacteria. The
resulting cell membrane-coated nanoparticles can directly
replicate the surface properties of source cells such as long cir-
culation time and disease-relevant targeting.>* Compared with
artificial nanomaterials, these biomimetic nanoparticles
possess improved anti-interference capability, colloidal stabi-
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lity and targeting specificity. Meanwhile, the immune rejec-
tion, toxic effects and adverse reactions associated with unmo-
dified  nanoparticles were reduced in  biological
applications.>®?® By mimicking the physical properties and
complex functions of different cells, cell membrane-coated
nanoparticles can identify the corresponding natural ligands.
For example, integrins ompf; on platelet membranes are
known to be specific receptors for fibrinogen.>” Inspired by
this, it will be a promising approach to detect fibrinogen using
platelet membrane-coated nanoparticles (PNPs). With the help
of the unique characteristics of platelets, PNPs have shown
superior performance in various fields.”®*° However, they have
never been used for protein detection. On this account, we
have invested our efforts in developing a new fibrinogen
quantification method based on PNPs.

In recent years, single-particle detection (SPD) based on
optical microscopy imaging has been widely applied in the
determination of DNAs, ions, enzymes, proteins, mycotoxins
and so on.**?® Compared with conventional methods,
targets can be quantified with high sensitivity and ultra-low
sample consumptions. Inspired by these merits and the
advantages of cell membrane-coated nanoparticles men-
tioned above, our study aims to combine SPD with cell mem-
brane coating technology for the first time. This combination
will provide not only high sensitivity and extremely low
sample consumption attributed to the single-particle
imaging but also excellent selectivity and anti-interference
ability in real sample applications due to the coverage of cell
membrane.

Herein, a convenient and low-cost fibrinogen quantifi-
cation method was developed based on SPD and PNPs. In
this study, platelet vesicles were wrapped on the surface of
green and red fluorescent polystyrene nanoparticles (PS
cores) as the probes. The principle of our design is based on
the fact that integrins om,f; on the surface of the platelet
membrane are the specific receptor for fibrinogen. From pre-
vious explorations, the single-molecule interaction between
fibrinogen and o,f; has an average binding force of 97 pN
obtained by force spectroscopy measurements.”” As a conse-
quence, the PNPs will interact with target fibrinogen specifi-
cally and form irreversible aggregated structures. As illus-
trated in Scheme 1, when the green and red PNPs combine
with the same target, colocalization of green and red fluo-
rescence spots can be detected which are observed as yellow
spots in the merged fluorescence image. However, in the
absence of fibrinogen, the particles in the green and red fluo-
rescence channels are well dispersed without any overlap. In
addition, the number of colocalization events varies with the
concentration of fibrinogen. The experimental results show
that the Pearson’s correlation coefficient has a linear relation-
ship with the fibrinogen concentration from 30 to 300 pg
mL~". The limit of detection (LOD) is 3.9 pg mL™" (11.3 nM)
based on a signal-to-noise ratio of 3. Furthermore, satisfac-
tory recoveries (in the range of 98.3%-105.5%) are obtained
in plasma samples which illustrate the promising practical
applicability of this method.

This journal is © The Royal Society of Chemistry 2021
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Experimental section
Materials and reagents

Fresh bovine whole blood and plasma were purchased from
Hongquan Biotechnology Co., Ltd (Guangzhou, China). Green
(loaded with Alexa Fluor 488) and red (loaded with Alexa Fluor
633) fluorescent carboxyl polystyrene nanoparticles with a size
of 200 nm were purchased from Baseline ChromTech Research
Center (Tianjin, China). Fibrinogen (from bovine plasma) was
purchased from Meilun Biotechnology Co., Ltd (Dalian,
China). Collagen I was purchased from Yuanye Biotechnology
Co., Ltd (Shanghai, China). Transferrin human (TF) and
thrombin were purchased from Sigma Aldrich (MO, United
States). Bovine serum albumin (BSA), immunoglobulin G (IgG)
and adenosine 5-diphosphate sodium salt (ADP) were pur-
chased from Aladdin Reagent Co., Ltd (Shanghai, China).
L-Tyrosine (t-Tyr), r-phenylalanine (i-Phe), r-lysine (r-Lys),
-histidine (1-His), glutathione (GSH), sodium chloride (NaCl),
potassium chloride (KCl), disodium hydrogen phosphate
(Na,HPO,), potassium dihydrogen phosphate (KH,PO,), mag-
nesium chloride (MgCl,-6H,0) and calcium chloride (CaCl,)
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). A polycarbonate membrane (400 nm and
200 nm pore size) and support membrane were purchased
from Avanti Polar Lipids (Alabaster, Alabama, USA). 10 mM
phosphate buffered saline (PBS) solution with calcium and
magnesium (138 mM NaCl, 2.67 mM KCl, 8.1 mM Na,HPO,,
1.47 mM KH,PO,4, 1 mM CacCl, and 0.5 mM MgCl,-6H,0, pH
7.4) was self-prepared. All of the other chemical reagents used
in this work were of analytical grade and all aqueous solutions
were prepared with ultra-pure water.

Apparatus

The dynamic light scattering (DLS) data were measured with a
Zetasizer Nano ZS System (Malvern, UK) to determine the
average diameter and surface charge of samples. The fluo-
rescence spectra of PS cores were recorded with a fluorescence
spectrophotometer (F-4600, Hitachi, Japan). The morphologi-
cal changes of PS cores after wrapping with platelet vesicles
were characterized by scanning transmission electron
microscopy (STEM, Shimadzu SS-550, Japan). The formation of
aggregated structures was verified by scanning electron
microscopy (SEM, Shimadzu SS-550, Japan). All fluorescence
images were obtained wusing laser confocal scanning
microscopy (LCSM, A1R+, Nikon, Japan) with a 60x objective.
473 and 633 nm lasers were used as excitation sources for
green and red PS cores, respectively. Fluorescence images of
the green channel (Emission filter: 515-550 nm), red channel
(Emission filter: 653-738 nm) and merged channel were
acquired with a resolution of 512 x 512 pixels. All images were
processed with Image] and MATLAB. Briefly, the images were
processed by Gaussian blur (¢ = 0.6), smoothing and contrast
enhancement using Image]. The extraction of overlapped
points between green and red channels and the drawing of
scatter plots were all completed by MATLAB programs (see the
ESIY).
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Scheme 1 The scheme of fibrinogen detection using platelet membrane-coated fluorescent polystyrene nanoparticles (PNPs).

Platelet isolation and membrane derivation

Platelets were isolated from whole bovine blood by a pre-
viously reported method.”” Briefly, the blood samples were
centrifuged at 300g for 5 min first. In order to separate red
blood cells and white blood cells completely, the super-
natants were collected and spun at the same speed for
another 5 min. The resulting supernatants represented plate-
let rich plasma (PRP). Afterwards, ADP was added to PRP to
reach a final concentration of 20 pM. Then, the solutions
were centrifuged at 2000g for 4 min in order to pellet down
the platelets. Finally, the platelets were resuspended in ultra-
pure water and stored at —80 °C for further use. The platelet
membrane was derived by a repeated freeze-thaw process. A
frozen aliquot of platelet solution was thawed at room temp-
erature and centrifuged at 21 000g for 5 min. Afterwards, the
pellet was resuspended in ultra-pure water and refrozen. The
whole process was repeated 3 times. Finally, the pellet which
was extracted from 3 mL of whole blood was resuspended in
50 pL of ultra-pure water and sonicated for 5 min at a fre-
quency of 40 kHz. The platelet membrane was obtained
ultimately.

Preparation and characterization of PNPs

The membrane was wrapped on the PS cores by a previously
reported method.*® The platelet membrane solution was hom-
ogenized with a syringe and physically extruded through a
polycarbonate membrane (200 nm pore size) 5 times using a

2916 | Nanoscale, 2021,13, 2914-2922

liposome extruder to obtain the platelet vesicles. Afterwards,
50 pL of platelet vesicles and PS cores (20 pg mL™", 35 pL) were
mixed and co-extruded through a polycarbonate membrane
(200 nm pore size) 11 times to obtain the PNPs. The size distri-
bution and surface charge of platelets, platelet vesicles, PS
cores and PNPs were measured using a Zetasizer Nano ZS
system. To verify the morphology of PNPs, samples were de-
posited onto a copper grid and measured using TEM.

Determination of fibrinogen

Fibrinogen was dissolved in preheated 0.9% NaCl aqueous
solution for an hour in a 37 °C water bath (upside down to
help it dissolve, without shaking vigorously) and centrifuged
to remove the insoluble floccules to obtain the desired fibrino-
gen solution. For the assay of fibrinogen, 15 uL of green PNPs
and 15 pL of red PNPs were added into a series of 200 pL
tubes. Subsequently, 30 pL of fibrinogen solutions with
different concentrations were added respectively. The solutions
were diluted to a final volume of 100 pL with PBS and incu-
bated for 2 hours at 37 °C. Before microscopic imaging,
vacuum grease was used to make flow channels on the surface
of the amino-modified glass slide. In the SPD detection experi-
ment, 10 pL of reaction samples were injected into a flow
channel. The negatively charged PNPs were immobilized on
the surface of the amino-modified glass slide through electro-
static interactions. After adsorption of 5 min, fluorescence
images were acquired using a LCSM. To investigate the poten-
tial applicability of this method, the recovery assay was per-

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr08492a

Published on 04 January 2021. Downloaded on 5/15/2021 5:03:44 AM.

Nanoscale

formed with bovine plasma samples by the standard addition
method. Different concentrations of fibrinogen standard solu-
tions (60, 150 and 300 pug mL™") were added to 1% PBS diluted
plasma and analyzed using the procedures described above.

Results and discussion
Fabrication and characterization of PS cores and PNPs

In this work, PNPs are used as the probes for the fibrinogen
assay. In order to explore whether the properties of these PS
cores are suitable for the subsequent detection, the particles
were characterized with spectroscopy and microscopy measure-
ments. First of all, the morphology of PS cores was character-
ized by SEM. As shown in Fig. S1,T the particles exhibit an
excellent spherical morphology and are uniform in size. The
fluorescence spectra in Fig. 1a indicate that the excitation
wavelengths of green and red PS cores are 475 and 611 nm,
and the corresponding emission peaks locate at 499 and
631 nm, respectively. Meanwhile, under the corresponding
excitation wavelengths, the PS cores show uniform and bright
fluorescence intensity in the LCSM images (Fig. 1b and c),
which is suitable for SPD assays. To prepare PNPs, we isolated
platelets and their membranes using differential centrifu-
gation and repeated freeze-thaw, respectively. Subsequently,
PNPs were prepared by fusing platelet vesicles onto the surface
of PS cores. To be specific, platelet vesicles and PS cores

View Article Online
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(20 pg mL™") were co-extruded by a liposome extruder. As the
degree of encapsulation will affect the detection performance,
the coating condition is optimized and characterized by dark-
field microscopic imaging. As shown in Fig. S2a,f when the
volume ratio of vesicle and PS core was 2 : 1, there were many
redundant vesicles which appeared as extremely weak scatter-
ing spots. In contrast, slightly increasing the number of
particles in the mixture until the volume ratio reached 10:7,
uniform scattering spots with suitable density could be
observed (Fig. S2bf).

After the membrane coating process, the variation of dia-
meter and surface charge of PNPs were measured with DLS. As
shown in Fig. 1d, the average diameter of PNPs has an approxi-
mately 14 nm increment comparing to the bare PS cores.
Subsequently, the zeta potential of PNPs was measured to
verify the coverage of the membrane. As shown in Fig. 1e, the
core materials show a strong negative charge (—71.45 mV)
before the coating process, which is attributed to the carboxyl
groups on the surface of PS cores. However, the surface charge
of PNPs is almost the same as that of platelet vesicles
(approaching the value of —25 mV). This noticeable change
indicates that the PS cores have been well covered by a thin
layer of platelet membrane. As a more direct evidence, the
TEM image of PNPs reveals a characteristic core-shell structure
after the membrane coating process (Fig. 1f). Taken together,
these results indicate that the PNPs have been prepared
successfully.
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Fig. 1 (a) The excitation spectra and emission spectra of green and red fluorescent polystyrene nanoparticles (PS cores), respectively. (b) The fluor-
escence image of green PS cores. (c) The fluorescence image of red PS cores. (d) Average hydrodynamic size of platelets, platelet vesicles, PS cores
and PNPs. (e) Zeta potential of platelets, platelet vesicles, PS cores and PNPs. (f) The TEM image of a single PNP.
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Feasibility of fibrinogen detection using the SPD method

In order to verify the feasibility of fibrinogen detection, single-
particle imaging experiments in the absence and presence of
fibrinogen were performed on a LCSM. Firstly, green and red
probes were mixed together in a 1: 1 ratio. Without fibrinogen,
there is almost no overlap between green and red fluorescence
in the merged image (Fig. 2a, i-iii). However, in the presence
of fibrinogen (300 pg mL™"), the signal from the green and red
channels are almost the same (Fig. 2b, i and ii). Meanwhile,
yellow spots can be observed evidently in the merged channel
(Fig. 2b, iii). In order to disclose the colocalization phenom-
enon in the merged channel more intuitively, a MATLAB
program was used to extract the overlapped points in the
merged image (see the ESIf). A noticeable difference was
observed in the extraction results as shown in Fig. 2a, ivand b,
iv. These results give clear evidence that the presence of fibri-
nogen induces the crosslinking of fluorescent probes and then
results in the fluorescence colocalization between the green
and red channels.

The scatter plot is one of the most commonly used
methods for fluorescence colocalization analysis. Therefore,
we acquired the RGB value of each pixel in the merged
channel and drew scatter plots using the green and red com-
ponents. In the absence of fibrinogen, the scatter plot tends to
be divergent and most of the points accumulate on the axes
(Fig. 2a, v), indicating that these two variables are randomly
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correlated under this condition. In contrast, in the presence of
fibrinogen, the scatter plot shows a diagonal trend (y = x),
which represents fairly strong positive correlation and a high
degree of colocalization (Fig. 2b, v). Moreover, fluorescence
colocalization can also be demonstrated by plotting the inten-
sity profile from fluorescent spots in the region of interest, the
results are shown in Fig. S4.1 To further confirm that the fluo-
rescence colocalization was caused by the formation of aggre-
gated structures in the presence of target fibrinogen, the
samples were imaged by using SEM. As shown in Fig. 2a, vi,
the PNPs exhibit excellent monodispersity in the absence of
fibrinogen. However, in the presence of fibrinogen, aggregated
structures can be observed evidently in the SEM image
(Fig. 2b, vi). Therefore, the above experimental results imply
that the SPD method is feasible for sensitive fibrinogen
analysis.

Quantitative detection of fibrinogen based on the SPD method

Prior to the SPD experiments, the optimal reaction time was
investigated. In the experiments, 37 °C was used as the incu-
bation temperature for the binding reaction, which does not
destroy the conformation of fibrinogen and is suitable for the
binding of fibrinogen and integrin receptors.”> Fig. 3a shows
the fluorescence imaging results under different incubation
times (60, 90, 120 and 150 min). With the increment of time,
the ratio of yellow fluorescence spots (representing the coloca-
lization events) increases gradually. In our study, Pearson’s

Fig. 2 (a) i. The green channel, ii. red channel, iii. merged channel of fluorescence images, iv. overlapped points, v. scatter plot (gray points rep-
resent background and un-correlated part; orange points represent correlated part) and vi. SEM image of green and red PNPs in the absence of fibri-
nogen. (b) i. The green channel, ii. red channel, iii. merged channel of fluorescence images, iv. overlapped points, v. scatter plot and vi. SEM image of

green and red PNPs in the presence of 300 ug mL™ fibrinogen.

2918 | Nanoscale, 2021, 13, 2914-2922
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Fig. 3 Optimization of the experimental conditions for fibrinogen detection. (a) The fluorescence imaging results of 300 pg mL™* fibrinogen detec-
tion under different incubation times (60, 90, 120 and 150 min). (b) The change of Pearson’s correlation coefficient with incubation time.
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Fig. 4 (a) The green channel, (b) red channel, and (c) merged channel of fluorescence images, (d) overlapped points and (e) scatter plots (gray
points represent background and un-correlated part; orange points represent correlated part) of green and red PNPs after being treated with
different concentrations of fibrinogen (0, 30, 60, 105, 150, 225 and 300 ug mL™).

correlation coefficient was used as an index to quantify the
degree of fluorescence colocalization (see the ESIT). As shown
in Fig. 3b, the Pearson’s correlation coefficient increases with
time and reaches a plateau at about 120 min. Therefore, the
optimal incubation time was set to be 120 min.

The sensitivity of the SPD method for fibrinogen quantifi-
cation under the optimal conditions was investigated. In this
experiment, PNPs were incubated with different concentration

This journal is © The Royal Society of Chemistry 2021

of fibrinogen solutions. Afterwards, the colocalization events
of green and red fluorescence were observed using LCSM. As
shown in Fig. 4a-e, the experimental results of green, red, and
merged channels of fluorescence images, overlapped points
and scatter plots were obtained under different fibrinogen con-
centrations (0, 30, 60, 105, 150, 225 and 300 pg mL™", from left
to right). In the absence of fibrinogen, the fluorescence spots
in the green and red channels are evenly distributed with

Nanoscale, 2021,13, 2914-2922 | 2919
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Fig. 5 The sensitivity of fibrinogen detection with PNPs. (a) The results of overlapped points under different fibrinogen concentrations. (b) The
linear relationship between Pearson'’s correlation coefficient and fibrinogen concentration.

almost no overlap. With the increment of the fibrinogen con-
centration, more overlaps can be observed in the merged
images (Fig. 4c). The number of overlapped points in Fig. 4d
and variation trend of scatter plots in Fig. 4e also confirm this
phenomenon.

Due to the binding of fibrinogen and PNPs, the Pearson’s
correlation coefficient which represents the colocalization
events (Fig. 5a) increases from 0.028 to 0.552 as the concen-
tration of fibrinogen increased from 0 to 300 pg mL™'. As
shown in Fig. 5b, the correlation coefficient manifests a good
linear relationship (R*> = 0.987, y = 0.0017x + 0.063) with fibri-
nogen concentrations in the range of 30-300 pg mL™". The
LOD is 3.9 pg mL™" (11.3 nM, evaluated from signal-to-noise
ratio of 3) which is superior to most of the current methods
(Table S17).

Selectivity performance of the proposed fibrinogen detection
method

To evaluate the selectivity of this method, various potential
interfering substances were tested as controls. The non-target
interfering substances detected in our study can be classified
into three categories: (1) the corresponding ligands of the
receptors on the platelet membrane: collagen and thrombin.
(2) Common proteins that coexist with fibrinogen in plasma:
BSA, TF and IgG. (3) Peptides and a variety of amino acids:
GSH, v-Tyr, 1-Phe, 1-Lys and t-His, among which similar amino
terminus may bind to fibrinogen. In the control experiments,
the mixture of PNPs was incubated with the solutions contain-
ing fibrinogen (150 pg mL™", 0.435 uM), collagen (0.87 uM),
thrombin (0.87 pM), BSA (0.87 pM), IgG (0.87 pM), TF
(0.87 uM), GSH (0.87 pM) or amino acids (0.87 pM), respect-
ively. Subsequently, the fluorescence images were acquired by
LCSM. As shown in Fig. 6a, in the presence of fibrinogen,
yellow fluorescence spots can be observed evidently. However,
the colocalization events of non-target substances are insignifi-
cant compared with fibrinogen. Among the non-target interfer-
ing substances, collagen is the ligand of receptor a,f; on the
platelet membrane. The receptor a,f; is poorly expressed on

2920 | Nanoscale, 2021,13, 2914-2922
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Fig. 6 The selectivity assay of fibrinogen detection. (a) The fluor-
escence images of green and red PNPs in the presence of 0.435 pM
fibrinogen (150 pg mL™), 0 uM fibrinogen (blank) and 0.87 uM non-
target compounds. (b) The corresponding Pearson’s correlation coeffi-
cient of different samples in selectivity assay.

the platelet membrane compared with ag,f;5. The experimental
result showed that although the collagen concentration was
two times higher than fibrinogen, the signal response was rela-
tively weak (Pearson’s correlation coefficient is 0.19). In

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Sensitive detection of fibrinogen in bovine plasma samples using PNPs. (a) The fluorescence images of PNPs in diluted-plasma samples
spiked with different concentrations of fibrinogen (0, 60, 150 and 300 ug mL™). (b) The linear relationship between Pearson’s correlation and fibrino-

gen concentration in real sample application.

addition, in the presence of other non-target substances, the
colocalization event is almost negligible, which is the same as
that obtained for the blank control. These results demonstrate
that there is no significant specific interaction between the
above interfering substances and PNPs compared with fibrino-
gen. This argument is confirmed by Pearson’s correlation
coefficients from these control groups (in the range of
0.03-0.07). In contrast, the signal response from the sample
containing target fibrinogen was seven times higher (Pearson’s
correlation coefficient is 0.33), while the concentration of fibri-
nogen was even two times lower (Fig. 6b). Taken together, the
developed SPD method in our study possesses excellent selecti-
vity for fibrinogen detection.

Detection of fibrinogen in plasma samples

To investigate whether this method can detect fibrinogen in
the bovine plasma sample, 1% PBS diluted plasma was spiked
with different concentrations of fibrinogen (60, 150 and 300 pg
mL ™). As shown in Fig. 7a, without the addition of fibrinogen,
there is almost no overlap between the fluorescence spots in
the green and red channels. As the concentration of fibrinogen
gradually increased, the fraction of colocalization events
increases accordingly (Fig. 7a). As illustrated in Fig. 7b, the
Pearson’s correlation coefficient increases proportionally with
fibrinogen concentrations (R*> = 0.99, y = 0.0018x + 0.0378).
Meanwhile, the spike recoveries and relative standard devi-
ations (RSDs) (n = 3) were calculated to verify the reliability. As
shown in Table 1, recoveries in the range of 98.3%-105.5% are
obtained, indicating that the proposed method possesses
reliable accuracy and promising capability for fibrinogen
quantification in complex biological samples.

Conclusion

In summary, we have developed a sensitive single-particle
imaging method with PNPs for fibrinogen detection. Under

This journal is © The Royal Society of Chemistry 2021

Table 1 Spike recovery of fibrinogen in 1% diluted plasma samples

Spiked fibrinogen Measured Recovery RSD
Samples (g mL™) (rg mL™Y) (%) (%)
1 60 63.3 105.5 7.1
2 150 147.4 98.3 5.3
3 300 312.6 104.2 4.7

optimal conditions, fibrinogen can be quantified in the
range of 30-300 pg mL™" with the LOD of 3.9 pg mL™". In
addition, the selectivity of the biosensor is guaranteed by
the specific binding between fibrinogen and PNPs. Upon
application in real samples, it also showed good perform-
ance. This method overcomes the shortcoming of multi-
factor dependence of traditional methods. It also avoids the
antibody modification process in immunological methods
which is complicated and expensive. The combination of
SPD and cell membrane-coated nanotechnology brings
additional advantages such as ultra-low sample consumption
and excellent anti-interference ability. As a result, we believe
that this new method will have great potential in fibrinogen
quantification.
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