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A B S T R A C T

This work reports a low-cost, fast and highly sensitive lateral flow immunoassay (LFIA) platform with Prussian
blue nanoparticle (PBNP) as a new reporter, which efficiently mediates an on-demand cascade signal amplifi-
cation by catalyzing oxidation of chromogenic reagent 3,3′,5,5′-tetramethylbenzidine (TMB). In this case, PBNPs
are accumulated on the test line through the specific immune interaction, resulting in a blue-colored line. The
colorimetric signal can be further amplified via the peroxidase mimic PBNP-catalyzed TMB oxidation to produce
an insoluble blue-violet precipitate. Under an optimal condition, a limit of detection (LOD) at 10 pg mL−1is
achieved for rabbit IgG (RIgG) detection, which is 2–3 orders of magnitude better than the conventional LFIA
strip using colloidal gold nanoparticle as a label. A macromolecular RIgG and a small molecular mycotoxin
ochratoxin A (OTA) are also successfully analyzed in mimicking samples, demonstrating its good practicability of
the proposed platform in a variety of fields.

1. Introduction

Enzyme-linked immunosorbent assay (ELISA) as one of the most
popular analytical platform has been widely utilized in many fields such
as clinical diagnostics, food safety, and fundamental research [1,2].
However, its practicability in real-time and on-site analysis is greatly
limited because of the tedious and time-consuming protocols, as well as
its strong dependence on professional operator [3]. Lateral flow im-
munoassay (LFIA) is a novel analytical approach with many merits
including low cost, fast response, easy-to-use, and high throughput
capability [4,5]. More importantly, the LFIA strip is well suitable for on-
site fast screening of diseases and food contamination in rural areas
with poor resources [6].

Despite of the above mentioned merits, the poorer sensitivity of the
LFIA strip compared with other immunoassay platforms severely limits
its practical applications in different fields. Much effort has been de-
voted to improve its sensitivity in the past years. Natural bioenzymes
(such as horseradish peroxidase) conjugated gold nanoparticle (AuNP)
has been constructed and employed to improve LFIA sensitivity via
catalytic signal amplification [7]. Unfortunately, natural bioenzymes
are very expensive and easy to be denatured. Alternatively, many kinds
of nanomaterials including Fe3O4 NP, Fe2O3@Au core-shell NP, Au-Ag

NP, quantum dots (QDs) integrated fluorescent nanospheres (FNs) are
employed as reporters to improve the performance of the LFIA strips
[8–10]. These strategies, however, still face some challenges such as
long preparation time, sophisticated synthesis, requirement of large and
expensive instrumentation, limiting their further application in LFIA.
Therefore, it is highly desirable for a novel labeling tag, which can be
easily synthesized and possesses unique physico/chemical properties
for both signal generation and amplification.

Prussian blue nanoparticle (PBNP) has been attracting extensive
attention from biomedical researchers because of its favorable bio-
compatibility and unique properties such as low cost, high surface-to-
volume ratio, ease of synthesis and surface modification [11–14]. In
view of these excellent properties, PBNPs have been used as a drug
carrier [15], imaging contrast agents and therapeutic hyperthermia
agents [16]. Furthermore, PBNPs are demonstrated to have intrinsic
peroxidase-like activity and have been used as labels to establish elec-
trochemical and optical bio-/chemical sensors [17–20].

Inspired by these previous investigations, PBNP instead of AuNP is
used in this work as a new labeling tag for both signal generation and
on-demand cascade amplification. The LFIA sensitivity can be sig-
nificantly improved by the PBNP tag, overcoming the above mentioned
drawbacks of natural bioenzymes and sophisticated nanomaterials. A
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signal generation is accomplished by the aggregation of the blue-co-
lored PBNPs, resulting in a visual test line. A further signal amplifica-
tion can be easily realized based on the peroxidase mimic PBNP-cata-
lyzed TMB oxidation. The test line is significantly deepened because of
the PBNP-catalyzed cascade production of the insoluble blue-violet
oxidized TMB (Ox-TMB). A protein analyte RIgG and a small target
mycotoxin OTA were successfully analyzed by the developed PBNP-
based LFIA strip based on sandwich and competitive immunoassay,
respectively.

2. Experimental

2.1. Chemical and reagents

FeCl3·6H2O, K4[Fe(CN)6]·3H2O, Na2HPO4·12H2O, NaH2PO4·2H2O,
citric acid, N-(3-Dimethylaminopropyl)-N’-carbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide(sulfo-NHS), bovine serum albumin
(BSA), Ochratoxin A(OTA), and sucrose (Suc) were received from
Aladdin (Shanghai, China). Goat anti-RIgG (Ab2) and RIgG were bought
from Sigma-Aldrich (Shanghai, China). Anti-RIgG produced in mouse
(Ab1) was provided by Bioss (Beijing, China). OTA-BSA and anti-OTA
monoclonal antibody (Ab3) were purchased Shenzhen Anti
Biotechnology Co., Ltd (Shenzhen, China). TMB for blotting was ob-
tained from Nanjing Institute of Bioengineering (Nanjing, China).
Nitrocellulose (NC) membrane, glass fiber, adsorbent pad and PVC
backing card were bought from Shanghai Kinbio Tech (Shanghai,
China).

2.2. Preparation of PBNPs and PBNP-Ab2 conjugates

PBNPs were synthesized according to the methods described pre-
viously [21,22]. In short, 98mg of citric acid was dissolved in 1mM
K4[Fe(CN)6] aqueous solution (20mL) and 1mM FeCl3 solution
(20mL), respectively. After heating to 60℃, these two solutions were
quickly mixed and vigorously stirred for 3min, resulting a blue dis-
persion, which was continuously stirred until cooled to room tem-
perature.

Ab2 was conjugated to the PBNPs via the EDC/NHS coupling
method. Specifically, 4 mL PBNP solution was centrifuged at 14500 rpm
for 25min, followed by redispersion in 4mL of 0.05M phosphate buffer
(PB; 0.05M Na2HPO4/ NaH2PO4, pH 7.4). 16mg EDC and 32mg sulfo-
NHS were added into the above solution to activate the carboxyl group
on PBNP surface. 10 μL of Ab2 was then dropped into the activated
PBNP solution. The mixture was incubated for 2 h at 37℃ under gentle
mechanical oscillation, followed by passivation with 1 % (m/V) BSA in
PB. After three-time washing, the resulted PBNP-Ab2 was redispersed in
800 μL PBS containing 1 % BSA and 1 % Suc.

2.3. Fabrication of LFIA strip

Scheme 1 shows the structure of the LFIA strip. Antibody dispen-
sing, membrane blocking, and assembly of each part were carried out
according to our previous work [23].

2.4. Optimization of the assay conditions for LFIA strip

First, the reaction time between RIgG and the PBNP-Ab2 was opti-
mized. 100 μL of 100 ng mL−1 RIgG in PBS and 20 μL of PBNP-Ab2 were
mixed and incubated for 5min, 10min, 15min, 20min, 25min, and
30min, respectively, and then the mixture was dispensed on the sample
pad. After 30min, the strips were imaged with a smart phone. Grey
intensity of the test line was analyzed by the free software imageJ.

In order to obtain a good signal-to-noise ratio, it is critical to opti-
mize the amount of PBNP-Ab2 and the blocking reagent. As for the
PBNP-Ab2 optimization, 1 % BSA was used to block the nitrocellulose
membrane, 5 μL, 10 μL, 15 μL and 20 μL of PBNP-Ab2 at 0.535mgmL−1

was mixed with 100 μL of 100 ng mL−1 RIgG in PBS respectively, while
PBS without RIgG was used as a blank. As for optimization of BSA
concentration, 1 %, 3 %, 5 %, 7 % and 10 % of BSA was selected to
block the nitrocellulose membrane. In addition, the test strip was im-
aged every 3min over the period of 3–36min for optimization of the
assay time.

2.5. RIgG and OTA detection on the LFIA strip

RIgG was diluted to desired concentrations with PBS and 10 %
human serum respectively. Sandwich immunoassay was then carried
out under the optimal parameters achieved in Section 2.4. After the end
of TMB color development, all strips were imaged by a smart phone for
quantitative analysis.

A small molecule mycotoxin OTA was also detected by the PBNP-
based LFIA strip based on a competitive immunoassay. 1.4 μL of OTA-
BSA at 2.0mg mL−1 was immobilized on the NC membrane to make a
test line. PBNP-labeled anti-OTA monoclonal antibody (PBNP-Ab3)
were mixed with OTA-spiked soybean extractives and then dispensed
on the sample pad to perform the lateral flow assay.

2.6. Data analysis

Grey value from each test line was employed for further quantitative
analysis. The change percentage of the grey intensity (ΔG%) was cal-
culated according to the method reported previously [23]. A deeper
color gives a bigger grey value. In order to reduce the influence of
background, ΔG% was obtained on the basis of Eq. (1).

ΔG% = [(Gt − Gc)/Gc] × 100 % (1)

Where Gc is the grey value for negative control, while Gt is the grey
value for test group. Thus, the more PBNPs are captured at the test
zone, the color of the test line is deeper and the ΔG% is bigger.

As for competitive OTA test, the lower level of OTA is applied, the
bigger grey value is obtained. Thus the calculation principle is slightly
different from the above one. ΔGOTA% is calculated according to the
following Eq. (2).

ΔGOTA% = [(Gc − Gt)/Gc] × 100 % (2)

3. Results and discussion

3.1. Principle of the assay

As schematically illustrated in Scheme 1, PBNP-Ab2-analyte im-
munocomplex moves forward along the strip and is captured by Ab1 at
the test line, resulting in a blue-colored test line. The excess PBNP-Ab2
conjugate continuously moves forward and is then stored in the ad-
sorbent pad. Chromogenic TMB for blotting was then added to testing
zone and locally oxidized into blue colored Ox-TMB, resulting in effi-
cient signal amplification. A qualitative evaluation can be realized with
naked eyes, while a quantitative determination is accomplished by a
smart phone for imaging and the free software imageJ for acquiring the
grey value. Compared with the previously reported PBNP-based lateral
flow assay [24], the entire preparation process of PBNP in this work can
be completed in a few minutes and the resulted PBNP can be stored at
4℃ for a long time. Moreover, in this design the PBNP not only works as
a reporter, but as an artificial peroxidase to catalyze cascade signal
amplification without need of natural bioenzymes and sophisticated
conjugation process.

3.2. Characterization of PBNP and PBNP-Ab2

Size and zeta potential of the PBNP and PBNP-Ab2 were measured
with a dynamic light scattering (DLS) instrument (Zetasizer Nano ZS 90,
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Malvern, UK). As shown in Fig. 1A, the diameter of PBNP is around
56.36 ± 1.15 nm with polydispersity index (PDI) 0.054. The small PDI
value indicates that the PBNPs have uniform size and are well dispersed
in aqueous solution. The diameter of PBNP-Ab2 significantly increases
to 225.6 ± 0.91 nm with PDI 0.218. The dramatic increase in the hy-
drodynamic size of PBNP-Ab2 compared with PBNP is apparently at-
tributed to Ab2 coating, which not only increases the size of each PBNP
but results in formation of PBNP clusters due to Ab2-induced cross-
linking. Although Ab2 coating results in significant size increase, the
cluster is still dispersible in PBS and moves smoothly on the test strip.
Thus the PBNP-Ab2 conjugate is suitable for application in LFIA. Zeta
potential of PBNP is −28.4mV, which clearly results from the abun-
dant carboxyl group (citric acid) on PBNP surface. However, zeta po-
tential of the PBNP-Ab2 shifts to −19.3mv after Ab2 conjugation. A
broad absorbance band from 500 nm to 900 nm is observed from
UV–vis spectra of the PBNP and PBNP-Ab2 solution in Fig. 1B. An ad-
sorption peak at 707 nm and 716 nm is recorded from PBNP and PBNP-
Ab2, respectively. The small red shift from 707 nm to 716 nm should be

attributed to Ab2 coating on PBNP surface.
Size and morphology of the PBNP and PBNP-Ab2 was also mon-

itored by a transmission electron microscopy (TEM) (JEOL, JEM-2100).
Fig.2A shows that the PBNPs are monodispersed cubes with narrow size
distribution. An average size is about 50 nm in diameter, which is very
suitable for serving as a tag in LFIA strip. Fig. 2B shows the TEM image
of PBNP-Ab2. An obvious coating layer around the PBNP is observed
from the image of PBNP-Ab2, indicating that Ab2 is successfully cou-
pling on PBNP surface. In comparison with the monodispersed PBNP,
some PBNPs are crosslinked with each other due to the Ab2 conjuga-
tion, resulting in some bigger clusters as shown in Fig. 2B. This result is
well consistent with the larger hydrodynamic size of PBNP-Ab2 ob-
served in Fig. 1A.

3.3. Antibody conjugation efficiency on PBNP surface

Antibody conjugation efficiency on PBNP surface is of great im-
portance to the performance of LFIA strip. Original Ab2 concentration

Scheme 1. Schematic illustration of the PBNP-induced signal amplification on a LFIA strip. (A) Synthesis of PBNP-Ab2 and assembly of the lateral flow strip; (B)
Capillary force-driven PBNP-Ab2-analyte complex migration to the test line on nitrocellulose membrane; (C) PBNP-Ab2-analyte complexes are captured by Ab1 on test
line and the excess PBNP-Ab2 continuously migrates toward the adsorbent pad.

Fig. 1. Characterization of PBNP and PBNP-Ab2. (A) Hydrodynamic diameter and zeta potential, (B) UV–vis spectra of prepared PBNP and PBNP-Ab2.
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and post-coupling Ab2 concentration in supernatant was determined by
measuring Ab2 concentration using BCA protein assay kit, respectively.
The coupling percentage is determined to be 76.4 % based on the cal-
culation method of Ab2 amount in post-coupling supernatant divided by
the original Ab2 amount. The high conjugation rate guarantees that
RIgG (analyte) in sample can be efficiently captured by PBNP-Ab2, re-
sulting in PBNP-Ab2-RIgG complex formation. Therefore, a visual blue
band is subsequently created due to the aggregation of PBNP on the test
line.

3.4. Optimization of the experimental parameters

Grey intensity of the test lines versus the incubation time of RIgG
and PBNP-Ab2 mixture was plotted in a period of 5–30min. Fig. 3A
shows that the incubation time doesn’t play an obvious effect on the
signal intensity. It is probably attributed to the very efficient im-
munoreaction between PBNP-Ab2 and RIgG in a solution. In addition,
PBNP-Ab2-RIgG complex is continuously formed in the test strip when
the mixture of PBNP-Ab2 and RIgG moves forward. The detection
procedure is accomplished by simple mixing and dropping, eliminating
a complicated operation process like the conventional ELISA. In this
assay, the visual test band was derived from the accumulation of PBNP-
Ab2 and subsequent TMB color development. The volume of PBNP-Ab2
could directly affect signal intensity and assay sensitivity. As seen in
Fig. 3B, ΔG% value gradually increases with the increase of PBNP-Ab2
volume, while the highest ΔG% is observed when 15 μL PBNP-Ab2 is
applied on each strip. Further increase of PBNP-Ab2 amount results in a
significant decrease in ΔG%. It probably because that too much PBNP-
Ab2 results in a higher background and a lower ΔG%. Thus, 15 μL
PBNP-Ab2 as the best volume was applied to subsequent experiments.

In order to reduce background resulted from nonspecific adsorption
of PBNP-Ab2 and RIgG, BSA was employed as a blocking reagent to
passivate any possible binding sites in the nitrocellulose membrane.
BSA at different concentrations was tested in this experiment. The
highest ΔG% was achieved when the concentration of BSA was 7 %
(Fig. 3C). Further increase of BSA did not give better results. It is ex-
plained that higher levels of BSA hinder the flow of PBNP-Ab2-RIgG
complex in the strip and prolongs the reaction time. Therefore,7 % BSA
was used as an optimal blocking reagent. Fig. 3D shows a plot of signal
intensity versus the assay time from 3 to 36min. Grey intensity of the

test band gradually increases with the elongation of assay time and
reach a plateau at 24min, indicating that the immunoreaction is almost
finished in 24min. After that, the TMB was dropped on the test line for
6min to deepen the color intensity and amplify the signal. The entire
analysis can be finished in about 30min, which is much shorter than
the microtitre plate-based ELISA.

3.5. Practicability evaluation of PBNP-LFIA platform

Feasibility and superiority of the proposed LFIA platform was in-
vestigated using RIgG as a model target. RIgG at concentrations ranging
from 10 pg mL−1 to 1 μgmL−1 was mixed with an equal volume of
PBNP-Ab2 solution, respectively, and then loaded onto the sample pad
of each test strip. It is clearly observed from Fig. 4A that there are
distinct blue bands for RIgG at 100 ng mL−1 and 1 μgmL−1 before
addition of TMB for signal amplification. Only a weak band is dis-
tinguished with naked eyes when RIgG is at 10 ng mL−1. However, the
signal intensity of testing bands is significantly improved after PBNP-
catalyzed signal amplification. A weak test band can be easily dis-
tinguished by naked eyes when RIgG concentration downs to 10 pg
mL−1. The strips in Fig. 4A were then quantitatively analyzed with
imageJ. A statistical comparison between two data sets of blank and
10 pg mL−1 is performed based on their grey intensities. Statistical
hypothesis testing with p＜0.05 indicates that 10 pg mL−1 is success-
fully detected with the proposed quantitative analysis method after the
amplification. A lower concentration 1 pg mL−1 was also tested. As
shown in Fig. 4A, the test line for 1 pg mL−1 is difficult to be dis-
tinguished by naked eyes from the blank group, which is also confirmed
by the statistical analysis with p > 0.05. ΔG% values were calculated
according to the Eq. 1 described in Section 2.6. Fig. 4B shows a linear
relationship (R2= 0.996) plotted with double logarithmic axes over
RIgG concentrations in a range of 10 pg mL−1 to 1 μgmL−1. The lowest
concentration that is distinguishable by naked eyes is 10 pg mL−1,
which is 2–3 orders of magnitude lower than that achieved by the
traditional AuNP-based LFIA strip. RIgG spiked human serum (10 %)
was also successfully analyzed by the proposed platform. As shown in
Fig. 4C, a linear curve (R2= 0.995) is plotted over RIgG from 10 pg
mL−1 to 100 ng mL−1, demonstrating its potential applicability in real
sample analysis. Table 1 lists a comparison between PBNP-based signal
amplification method and previously reported ones in terms of analyte,

Fig. 2. TEM images of(A)PBNP and(B)PBNP-Ab2.
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detection limit and improvement efficiency. Average recovery(85 %－
99 %) and coefficient of variation (5 %－15 %) were calculated by
detection of RIgG at low (101 pg mL−1), medium (103 pg mL−1), and
high level (105 pg mL−1) in spiked serum, indicating reasonable ac-
curacy and precision of this platform.

3.6. Feasibility of OTA detection

Theoretically, PBNP-LFIA can be easily adapted to detecting dif-
ferent analytes by simply changing antibody-antigen pairs. In order to
evaluate universality of the proposed scheme, a small molecule

Fig. 3. Optimization of the experimental parameters. (A) Effect of analyte and PBNP-Ab2pre-incubation time; (B) effect of PBNP-Ab2 amount; (C) effect of BSA
concentration in blocking reagent; (D) Time effect on color development of test band. Error bars show the standard deviation of three replicates.

Fig. 4. (A) Photograph of the PBNP-LFIA strip for RIgG detection. Left：Before signal amplification; Right: After signal amplification. A linear relationship between
the logarithmic of ΔG% and the concentration of RIgG in (B) PBS and (C) 10 % human serum. (n=3).
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mycotoxin OTA was analyzed by the PBNP-LFIA strip based on a
competitive immunoassay. When OTA is absent in the sample, PBNP-
Ab3 conjugate is captured by the OTA-BSA immobilized on the test line,
resulting in a visual blue band. The excess conjugate moves con-
tinuously to the absorbent paper. However, if OTA is present in the
sample, a part of binding sites on PBNP-Ab3 are firstly occupied by the
analytes OTA, forming a PBNP-Ab3-OTA complex as a consequence.
Thus, less PBNP-Ab3 is captured at the test line, resulting in weaker
signal intensity. With the increase of OTA concentration, more PBNP-
Ab3-OTA complex is formed, while less PBNP-Ab3 is captured by OTA-
BSA on the test line. Since the signal is negatively proportional to the
analytes level in the competitive immunoassay, it is not necessary to
amplify the signal with TMB. Soybean extractives spiked with different
levels of OTA was analyzed with the proposed PBNP-LFIA platform. The
highest signal intensity is observed from the negative control in Fig. 5
A.When OTA concentration increases from 100 pg mL−1 to 10 ng mL−1,
the intensity of the blue band becomes weaker and weaker, which can
be differentiated by the naked eyes. However, the test line is completely
disappeared at OTA concentration of 10 ng mL−1. The histogram in
Fig. 5A displays the quantitative results calculated according to the Eq.
2 in Section 2.6. ΔGOTA% is employed to indicate color change of the
test line at each concentration as compared with the negative control.
Based on the visual color and quantitative intensity, 100 pg mL−1 OTA
in soybean extractives can be easily detected by the PBNP-LFIA strip,
demonstrating its great application potential for fast and sensitive
screening of mycotoxins in food safety supervision.

In order to further validate the OTA test specificity, three common
mycotoxins FB1, AFB1 and DON were also analyzed with the PBNP-
LFIA strip under identical conditions used for OTA test. As shown in
Fig. 5B, ΔG% observed from OTA analysis is about 7–10 times higher
than that from FB1, AFB1 and DON. Fig. 5B inset shows the images of
test line for PBS (blank), FB1, AFB1, DON and OTA. The color of the test
lines for FB1, AFB1 and DON is very similar to the blank group, while
the color for OTA test becomes much lighter than PBS, indicating that

only OTA induces a significant response. Thus, both the quantitative
analysis and the color change clearly confirm the good specificity of the
proposed PBNP-LFIA strip.

4. Conclusion

A low-cost, fast and sensitive LFIA strip is developed by using PBNP
as a labeling tag instead of AuNP for signal generation and on demand
cascade amplification. Signal generation is attributed to im-
munobinding-induced aggregation of the blue colored PBNP, while
signal amplification is based on peroxidase-mimic PBNP-catalyzed TMB
coloration. Under an optimal condition, a wide dynamic range from
10 pg mL−1 to 1 μgmL−1 and visual LOD of 10 pg mL−1are obtained by
the proposed PBNP-LFIA strip. Similar results are observed from de-
tection of RIgG-spiked human serum. The LOD at 10 pg mL−1 is 2–3
orders of magnitude better than that achieved by the commercial
AuNP-based LFIA strips. Furthermore, OTA in soybeans extractives is
successfully detected by the PBNP-LFIA strip. In a word, the proposed
platform is capable for fast and sensitive detection of biomacromole-
cules and small molecules in real samples.
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Pt–Au bimetal NPs; TMB color development Escherichia coli O157:H7 102 cell mL−1 1000 fold [29]
PBNP reporter/catalyze Rabbit IgG 10 pg mL−1 2–3 orders of magnitude This work

Fig. 5. OTA detection based on PBNP-LFIA strip. (A) OTA detection in soybeans extractives; (B) cross-reaction of the OTA strip to other common mycotoxins.
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