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ABSTRACT: Viral diseases are one of the most life-threatening diseases as they can erupt
unpredictably and spread rapidly in any medium with a very small number of particles. Therefore, the
key for lethal virus detection should be highly sensitive in the early-stage detection, which can help
increase the chance of survival. Amplification of the detecting signal is one of the most promising
mechanisms for the detection of low-concentration analytes. A proper amplification can develop such a
kind of system where a small number of particles can produce intense signals for a prominent detection.
Keeping this in mind, in this report, we have presented a fluorometric method to detect norovirus
(NoV) by a newly developed fluorophore-labeled liposome and a magnetically modified Fe3O4
combined system. Homogeneously distributed amine-functionalized liposomes have been constructed
filled with a strong fluorophore of calcein. Simultaneously, (3-aminopropyl)-triethoxysilane (APTES)-
functionalized Fe3O4 nanoparticles are also synthesized by the standard silanization process, and these
two separately synthesized nanoparticles were functionalized with an antibody to achieve specificity.
The Fe3O4 and calcein−liposome system has been applied for NoV detection, which was magnetically
separated from the analyte medium and then externally burst to release the fluorophores from the core of the liposome. The easiness,
rapidity, and sensitivity in a wide linear range can offer a huge potential of this method in point-of-care diagnostics.
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■ INTRODUCTION

The recent ongoing growth of nanotechnology in science offers
new prospects for the development of ultrasensitive detection
tools that can be applied to detect extremely low level of
analytes, amplifying the sensing outputs.1−11 The ability to
detect very small number of analytes remains an indefinable area
with broad implications in various biomedical diagnostics at a
very early stage of viral infection.12−14 The current methods on
virus detection mostly rely on sample enrichment through cell
culture or nucleic acid-based tests or various established virus
detection approaches like enzyme-linked immunosorbent assay
(ELISA),15 polymerase chain reaction (PCR),16 virus isolation,
and next-generation sequencing.17,18 However, in spite of their
limited available diagnostic assays, these are highly expensive,
time-consuming, and need specialized personnel to oper-
ate.18−20

Therefore, a reliable biosensor is in great demand to overcome
the emerging outbreak by early detection of the disease agent,
where the key requirement is to determine the occurrence of a
virus in the sample, irrespective of its concentration.6,21

Therefore, the sensor can be designed in such a way that it
can offer a maximum response of the target analyte down to a
single or few pathogens, amplifying the sensing outputs.21−23 To
achieve this, liposomes are an attractive approach owing to their
versatile and unique properties for the application in the field of
biosensing.24−27 They are also known for amplification where a

single pathogen attached with a single liposome can produce
multiple signals, releasing their encapsulated signaling probes.26

Therefore, a small number of analytes can produce very large
number of intense signals, which can be detected by the
detector. Another advantage of liposome-based systems is that
the encapsulated probes remain protected and almost inactive
inside the liposome, which can reduce the background noise
significantly.28

Encouraged by our previous reports on liposomal amplifica-
tion,26 in this study, a fluorophore of calcein-encapsulated 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine:1,2-dioleoyl-
sn-glycero-3-phospho-(1′-rac-glycerol):1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DOPC/DOPG/DSPE-PEG2000) amine liposomes has
been synthesized, which can be used for the detection of virus
where DOPC and DOPG are the main liposomal content and
DSPE-PEG2000 amine has been used to achieve amine
functionalization.29 As the main goal of this present work is to
achieve detectability at very low levels of virus concentration, the
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purification of the target virus from the medium should be
extremely important, especially for the real-sample analysis.30

To serve this purpose, the well-established amine-functionalized
Fe3O4 magnetic nanoparticles have been used, synthesized by
the standard silanization process.31 To make the liposomes as
well as Fe3O4 nanoparticles specific toward the target virus,
which is the norovirus (NoV) chosen as a model, the
corresponding antibody has been conjugated by the succini-
midyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) and N-(3-(dimethylamino)-propyl)-N′-ethylcarbodii-
mide hydrochloride/N-Hydroxysuccinimide (EDC/NHS) co-
valent binding approach through their functionalized amine
group. On adding different concentrations of viruses in this
sensing system, calcein−liposome and magnetic Fe3O4 nano-
particles can bind to the viruses and form a sandwich-like
structure. The Fe3O4-conjugated calcein−liposome system
magnetically separates from its analyte medium and then lyses
out the fluorophores from the core of the liposome using Triton
X as a surfactant. Hence, a large number of fluorophores can
come out from a small number of virus-captured calcein−
liposome nanoconjugates and amplify the detection signal
significantly. The optimizing conditions for sensor formulation
and its sensing parameters are investigated thoroughly. The
detection limit has been found in the range of hundred copies
per mL of viruses. The minimal cross-reactivity with similar
viruses and stability test for a month confirms the formation of
nonleaky and specific liposomal sensors with low background
noise and high specificity toward the targeted virus. Con-
sequently, an efficient signal amplification can be achieved,
whichmet the requirements of its potential usage for real-sample
monitoring.

■ MATERIALS AND METHODS
Chemicals. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(DOPG) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG2000 amine) were purchased from Avanti Polar Lipids (Alabaster,
AL). Sodium citrate, FeCl3·6H2O, and FeCl2·4H2Owere obtained from
Wako Pure Chemical Industries Ltd. (Japan). Ammonia solution (28%
(w/v)), (3-aminopropyl)-triethoxysilane (APTES), N-(3-(dimethyla-
mino)-propyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-hy-
droxysuccinimide (NHS), and dry toluene were purchased from
Sigma-Aldrich (St. Louis). Analytical grade of toluene and other
solvents were used as received without any further purification.
Succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(SMCC) was purchased from Thermo Fisher (Tokyo, Japan). Anti-
NoV monoclonal antibody (NS14) that recognizes the C-terminal P1
subdomain of the capsid protein of NoV genogroup II obtained from
the spleen cells of mice immunized orally was utilized here.32 The
obtained antibody was purified by protein G, and the stock
concentration was 0.3 mg mL−1.33,34 All of the solutions were prepared
in deionized water (18.2 MΩ cm) unless otherwise mentioned through
a UV-treated RephiLe water system.
Preparation of Fe3O4 Nanoparticles. The synthesis of Fe3O4

nanoparticles was carried out through the standard procedure, as
described previously.35 The magnetic samples were washed repeatedly
and separated by magnetic separation.
Functionalization of Fe3O4 Nanoparticles. The as-synthesized

Fe3O4 nanoparticles were coated with APTES using the standard
method of silanization.36 In brief, APTES was first dissolved in dry
toluene and then the dried Fe3O4 nanoparticles were added to it in an
inert atmosphere. The mixture was then refluxed at 120 °C for 20 h
under constant stirring. After successful formation, the APTES-coated
Fe3O4 was washed with fresh toluene to discard the excess APTES.
Finally, the product was dried overnight and kept for further use. For

the purpose of sensing, 1 mg of Fe3O4 nanoparticles was dispersed in 1
mL of phosphate-buffered saline (PBS) to prepare the 1 mg mL−1

concentration, which was used throughout all experiments. An
approximate particle number of the Fe3O4 nanoparticles is estimated
in S5 of the Supporting Information.

Preparation of Different Types of Liposome. DOPC/DOPG/
DSPE-PEG2000 amine liposomes (molar ratios: 30:50:20, 35:50:15,
40:50:10, and 45:50:5) were prepared using the natural swelling
method in a buffer at 37 °C, and then the liposomes were prepared
according to our previous work.37 Initially, all of the phospholipids were
prepared in a 7.4 pHPBS solution at a 1mM stock concentration. Then,
a total volume of 200 μL of the phospholipids mixture was taken for the
lipid film formation. For example, in the case of 30:50:20 molar ratio
liposome, 60 μL of DOPC, 100 μL of DOPG, and 40 μL of DSPE-
PEG2000 amine were mixed. After that, 1 mL of different concentrations
of calcein containing PBS was added to hydrate the film for the
preparation of calcein−liposome. Finally, the liposomes were purified
by the membrane filtering method using a 0.8 μm polycarbonate
membrane (Merck, Carrigtwohill, Ireland). The concentration of the
liposomes has been calculated in the range of 1012 particles mL−1 by the
number-concentration based on lipids’ volume (VOL method),38 as
described in S5 of the Supporting Information.

Antibody Conjugation with Fe3O4 Nanoparticles and Lip-
osome Separately. The same monoclonal anti-NoV antibody was
conjugated on the APTES-coated Fe3O4 and liposome separately
according to the following protocol.39 Initially, 1 mg of APTES-coated
Fe3O4 in 1 mL of PBS and 1 mL of the as-prepared liposome were
conjugated with 6 mg of sulfo-SMCC. The antibody was conjugated
with 180 μL of iminothiolane and incubated for 1 h at room
temperature. Then, the liposome and Fe3O4 nanoparticles were mixed
with the iminothiolane-conjugated antibody. The reaction mixture was
incubated for 30 min at room temperature to obtain the final product.40

Then, the antibody-conjugated liposomes and Fe3O4 were dialyzed in a
1 kDa dialysis bag for 24 h (dialysate was replaced every 8 h) to remove
the excess antibody.

Detection of Clinically IsolatedNoV.Clinically isolated GII NoV
were collected from the fecal samples of the patients with infection by
inspections based on laws and ordinances. The sampling of Norovirus
was carried out according to the proper guideline, after getting approval
from the Ethics Committee of Environment and Hygiene Institute in
Shizuoka Prefecture (September 14, 2016). The fecal sample (100 μg)
was added to 900 μL of phosphate-buffered saline (PBS, pH 7.4), solids
were separated, and the supernatant was used for the detection. The
concentration of GII NoV in the supernatant was evaluated to be 6.2 ×
107 copies mL−1 by real-time PCR.41 For further study, serial dilutions
were made from this stock solution. For the selectivity test, influenza
virus A (Avian/Vietnam/1203/04) (H5N1) (lot: GR301823−1) was
purchased from Abcam, Inc. (Cambridge, UK). Zika virus- (PRVABC-
59) and hepatitis E virus-like particles (HEV-LP) were kindly provided
by Professor K. Morita of Institute of Tropical Medicine, Nagasaki
University.

The calcein−liposome solution (100 μL) was mixed with 20 μL of 1
mgmL Fe3O4 nanoparticles at different concentrations of 80 μL of NoV
and incubated for 10 min in different reaction chambers. Then, an
external magnet of 20 T was placed at the bottom of each chamber for 5
min to separate the calcein−liposome/NoV/Fe3O4 sandwich structure,
discarding the excess reactants and other impurities. After the
separation, the mixture was redispersed with 100 μL of fresh buffer in
a microplate reader and 5 μL of a 0.1 mM Triton X solution was added
to disrupt the liposome. The sample solution was excited at 450 nm, and
the fluorescence intensity was measured in a range of 500−700 nm
before and after Triton X addition. After receiving the collected virus
sample for analysis, the formation of the calcein−liposome/NoV/
Fe3O4 sandwich structure and its detection take approximately 20 min
to obtain the result.

Characterizations. The transmission electron microscopy (TEM)
images of the liposome, Fe3O4, and their nanocomposites were taken by
JEOL TEM (JEOL, Tokyo, Japan). To obtain high-resolution images,
HR-TEM (1400 JEM-2100F at 200 kV, JEOL, Tokyo, Japan) was used.
UV−vis absorption and fluorescence spectra were measured using a
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filter-based multimode microplate reader (Infinite F500; TECAN Ltd.,
Man̈nedorf, Switzerland). Dynamic light scattering (DLS) was carried
out using a Zetasizer Nano series (Malvern Instruments Ltd., Malvern,
UK). The images of liposomes were taken in a confocal laser scanning
microscope (FV-1000, Olympus, Tokyo, Japan) using a stage
thermocontrol system (ThermoPlate, Tokai Hit, Shizuoka, Japan).

■ RESULTS AND DISCUSSION

In this study, a highly sensitive fluorescence signal amplification-
based strategy has been proposed for the detection of NoV using
calcein−liposome and Fe3O4 nanoparticle conjugates. Accord-
ing to our hypothesis, in the presence of the target NoV,

Figure 1. Schematic representation of the formation of calcein−liposome and Fe3O4 nanoparticles and the mechanism of the detection of NoV.

Figure 2. Characterizations of individually synthesized calcein−liposome, Fe3O4 nanoparticles, and calcein−liposome/virus/Fe3O4 nanoconjugates:
(a) bare liposomes, (b) bare Fe3O4 nanoparticles and (c) their size distribution, and (d) HRTEM image of calcein−liposome/virus/Fe3O4
nanoconjugates and (e) their magnified image. Differential interference contrast (DIC) and fluorescence images in a confocal microscope for (f−i)
only calcein−liposomes and (j−m) calcein−liposome/virus/Fe3O4 nanoconjugates. (n) Hydrodynamic radius of the as-synthesized liposome, Fe3O4
nanoparticles, and calcein−liposome/virus/Fe3O4 nanoconjugates.
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antibody-conjugated two nanoparticles should bind with the
virus and can form a sandwich-like structure, as depicted in
Figure 1. The calcein−liposome/NoV/Fe3O4 nanoconjugates
then separate from the sample medium by the magnetic process,
discarding mixing of other interfering compounds. Thereafter,
the successful release of the encapsulated fluorophores by Triton
X surfactant can estimate the amount of the viruses by indirect
calibration. The advantage of the present study finds three
important aspects, which canmake the system a good alternative
for the virus detection process: (i) Usage of liposomal platform
can amplify the single virus signal to multiple fluorophores; (ii)
due to the magnetic separation, the system can eliminate the
interfering reagents of the sample, which is the key point for
direct virus detection; and (iii) formation of the calcein−
liposome/NoV/Fe3O4 rigid system by covalent bonding and
thereafter specific antigen−antibody interaction reduces the
background signal significantly, improving the detection
sensitivity.
Liposome and Fe3O4 Nanoparticle Synthesis and

Characterizations. Different compositions of phospholipids
of DOPG, DOPC, and DSPE-PEG2000 amine have been used for
the synthesis of liposomes, where the encapsulated calcein
concentrations are also varied. To obtain size-specific liposomes,
the as-synthesized liposomes were passed through a 0.8 μm
polycarbonate membrane. Similarly, Fe3O4 nanoparticles were
also synthesized via the sol−gel method and coated with
APTES. For characterization, 100 μL of liposome (40:50:10
ratio of phospholipids) with 0.1 M encapsulated calcein and 20
μL of 0.1 mg mL−1 Fe3O4 nanoparticle was tested on 80 μL of
105 copies mL−1 NoV to form the calcein−liposome/virus/
Fe3O4 nanoconjugates. These two nanoparticles are individually
characterized by their TEM images presented in Figure 2a,b.
The liposomes are formed in a homogeneously distributed
circular form. The bare Fe3O4 nanoparticles are shown in the
range of 8−14 nm of size with an average diameter of 10.5 nm

(Figure 2c). In the presence of the virus, these two nanoparticles
successfully form the calcein−liposome/virus/Fe3O4 nano-
conjugates with the expected sandwich structure, as shown in
the TEM image of Figure 2d. The small intense black dots of
Fe3O4 situated in the outside of the liposomes structure was
clearly shown in the TEM image. In the high-magnification
image in Figure 2e, the nanoconjugate formation is more visible
with a small but clear distance between them, indicating the
presence of small-size virus particles. As the TEM grids are not
stained to observe themorphology of the nanoparticles in a good
manner, the virus is not recognizable in the TEM image. The
structures were further characterized by their confocal images.
The phase contrast image of only liposome in Figure 2f and the
magnified image of a single liposome in Figure 2h show the
perfectly spherical formation, which emits the intense green
fluorescence of calcein in their fluorescence image at 520 nm
(Figure 2g,i).37 After the addition of virus, these two
nanoparticles, conjugated with antibody, were formed as
calcein−liposome/virus/Fe3O4 nanoconjugates. The antibody
conjugation was tested by the standard ELISAmethod, as shown
in Figure S1 of the Supporting Information. In the phase
contrast images of calcein−liposome/virus/Fe3O4 nanoconju-
gates in Figure 2j,l, there are few dark spots clearly observed
besides the liposomal structure, representing the structure of
Fe3O4 nanoparticles. In the fluorescence images in Figure 2k,m,
those dark spots do not emit any fluorescence signal as expected,
eliminating any possibilities of aggregated lipids. As the spherical
radius of the liposome and Fe3O4 is largely deviated, the images
were not properly focused on both nanoparticles at a time.
The formation of calcein−liposome/virus/Fe3O4 nano-

conjugates is also confirmed by their hydrodynamic radius
found in DLS, as depicted in Figure 2n. The average size of the
as-synthesized Fe3O4 and calcein−liposome was found to be 6
(PDI 0.3) and 2112 nm (PDI 0.27), respectively. The liposome
size significantly showed a major contribution at 506.5 nm (PDI

Figure 3. Optimization of calcein−liposome and Fe3O4 nanoconjugates for the detection of NoV. (a) Effect of DOPC, DOPG, and DSPE-PEG2000
amine ratios of 30:50:20, 30:50:15, 40:50:10, and 40:50:5 in the presence of 105 copies mL−1 NoV. (b) Effect of calcein dye loading concentrations of
0.1, 1, and 10 mM in the presence of 105 copies mL−1 NoV. (c) Effect of 0.8 μm size separation of calcein−liposome. (d) Calibration lines obtained
from different calcein−liposome and Fe3O4 nanoparticles ratios at concentrations of 10

2−105 copies mL−1 NoV.
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0.21) after the size neutralization, which confirms the
uniformity. However, there is still some liposomal contribution
at 2112 nm, which becomes less intense compared to the size-
separated liposomes. After the formation of calcein−liposome/
virus/Fe3O4 nanoconjugates, the size of the nanocojugates
increased to 1120 nm, indicating the formation of the sandwich-
like structure. Due to the conjugation of 40 nmNoVwith several
Fe3O4 nanoparticles, the agglomerated liposome/virus/Fe3O4
nanoconjugates show a large hydrodynamic diameter in DLS.
Fe3O4-Conjugated Calcein−Liposome Formulation

and Its Optimized Condition for Virus Detection. Initially,
the synthesis of a nonpermeable and stable liposome has been
optimized with different concentrations of the lipids, varying
their ratios. To investigate this condition, we have initially
decided to take the ratio of DOPC and DOPG as 1:1, referring
from the recent literature.42,43 However, to achieve amine
functionality, the DSPE-PEG2000 amine has also been intro-
duced in lipids where the ratios were varied as 30:50:20,
35:50:15, 40:50:10, and 45:50:5. Initially, the production of
nonleaky liposomes has been verified by the control experiment,
as presented in Figure S2. All of the calcein-encapsulated
liposomes were treated with Triton X, and their fluorescence has
been compared to that of the untreated one. In all cases, the
results confirm the formation of the nonleaky liposome. Then,
the formation of calcein−liposome/virus/Fe3O4 nanoconju-
gates has been optimized for all types of liposomes with different
lipid compositions using the standard concentration of NoV of
105 copies mL−1. In the cases of 45:50:5 and 40:50:10, the

background intensities after forming the conjugates without the
treatment of Triton X are found to be extremely high compared
to other compositions (Figure 3a). To achieve more amine
functionalization, a higher DSPE-PEG2000 amine content should
be more desirable. Therefore, the 40:50:10 composition has
been selected for further studies, where the best results are
obtained at the highest amine content. Next, to investigate the
maximum loading concentration of the fluorophore dye, calcein,
during the liposomal synthesis, three different concentrations of
calcein (0.1, 1, and 10 mM) have been used for the
encapsulation inside the best suited 40:50:10 liposome, and
then the formation of the calcein−liposome/virus/Fe3O4
nanoconjugates was tested with NoV of 105 copies mL−1. It is
clear from Figure 3b that except 0.1mMof calcein, the other two
concentrations show significant fluorescence signals. As the
concentration of the target virus should be low enough, it is
highly desirable to load the maximum amount of dye inside the
liposome for low-level detection. Therefore, the 0.1 mM
concentration of calcein−liposome was rejected. Compared to
the other two concentrated calcein-encapsulated liposomes, the
overall fluorescence intensity of 1 mM is quite similar to the 10
mM concentration, however with low background signal. As the
nonspecific binding shows a large interference in the highest
concentration, the 1 mM concentration of the calcein−liposome
was selected as the optimum for further studies. Beside the
concentration of the encapsulated dye, the intensity of the
fluorescence signal is highly dependent on the size of the
liposome. To obtain a uniform result, the 0.8 μm pore-sized

Figure 4. Detection of NoV. (a) Fluorescence of calcein, released from the calcein−liposome/NoV/Fe3O4 nanoconjugates with various NoV
concentrations from 102−105 copies mL−1, after treated with Triton X. (b) Calibration line of fluorescence peak intensities vs concentration of NoV.
Confocal images of the liposome/NoV/Fe3O4 nanoconjugates with 105 copies mL−1 of NoV (c−f) before and (g,h) after addition of Triton X.
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polycarbonate membrane was applied to separate the as-mixed
sized calcein−liposome to a uniformly distributed liposomal
mixture, which was already characterized previously in the DLS
section of Figure 2n. When the as-prepared and size-normalized
calcein−liposomes are treated with NoV of 105 copies mL−1 and
thereafter Triton X, the sensitivity has changed significantly
(Figure 3c). Uniformly distributed liposomes of size 0.8 μm or
less show much better signals compared to the background
signal.
After optimizing the composition of the liposome and the

concentration of the encapsulated calcein concentration, the
formation of the calcein−liposome/virus/Fe3O4 nanoconju-
gates has been finally tested with different ratios of the magnetic
Fe3O4 nanoparticles. In this process, the target virus has been
bound with liposome and Fe3O4 in a sandwich-like structure and
then isolated from the magnetic separation. Therefore, a larger
number of Fe3O4 nanoparticles can enhance the possibility of
better separation. However, on the other hand, a large number of
Fe3O4 nanoparticles can attach to the virus particle itself without
conjugation of the liposome, resulting in a false negative signal,
whereas a small number of Fe3O4 nanoparticles could not attach
all of the viruses along with the liposomes. Therefore,
optimization of the Fe3O4 nanoparticles is a crucial parameter
for this sandwich sensor, where the trend of the detection has
been investigated in the concentration range of 102−105 copies
mL−1 of NoV, varying with different ratios of liposomes and
Fe3O4 nanoparticles (4:1, 2:1, and 1:1). The concentration of
the Fe3O4 nanoparticles remains constant at 1mgmL−1, which is
higher than the optimum for the binding with viruses even at a
high concentration of 106 copies mL−1, where the concentration
of liposome was varied. As shown in Figure 3d, for all three cases,
the sensor shows good linearity; however, the limit of detection,
calculated by the 3σ/S method (three times of the standard
deviation of the lowest concentration of target/slope of the
calibration line), has been found to be 267, 136, and 150 copies
mL−1, respectively.44 In terms of the detection limit and the R2

value for linearity, the 2:1 ratio shows the best optimized
condition for virus detection.
Detection of NoV by Fe3O4 and Calcein−Liposome

and Its Structural Conformation in Confocal Images.
Summarizing all optimizing parameters for calcein−liposome/
virus/Fe3O4 nanoconjugates, it has applied for the detection of
different concentrations of NoV, as presented in Figure 4a.
Before virus addition, the reaction medium contains anti-NoV
antibody-conjugated free calcein−liposome and Fe3O4 nano-
particles. There is no substantial interaction between these two,

which was tested as a control experiment and is presented in
Figure S3 of the Supporting Information. However, after the
addition of 80 μL of virus on 100 μL of calcein−liposome and 20
μL of Fe3O4 nanoparticles for 10 min, the nanoparticles have
been bound with viruses through the specific antibody on their
surfaces. Therefore, the magnetically isolated calcein−lip-
osome/virus/Fe3O4 nanoconjugates show an intense signal of
the calcein after the disruption of the liposomes triggered by the
surfactant, Triton X. As shown in Figure 4a, the fluorescence
signal of different vials of increasing concentration of NoV in the
range of 102−105 copies mL−1 clearly shows the presence of
increasing concentration of liberated calcein. The calibration
line, calculated from the fluorescence intensities, is plotted in
Figure 4b, which preserves the linearity over the wide
concentration range with a correlation coefficient of 0.987.
The limit of detection was calculated from the calibration line,
which is 136 copies mL−1.44 As the method involves magnetic
separation and thereafter liposomal amplification, it is expected
to achieve good sensitivity even in real virus samples. In
addition, the confocal images of calcein−liposome/virus/Fe3O4
nanoconjugates before (Figure 4c−f) and after Triton X
treatment (Figure 4g,h) also confirm our hypothesis. The
excellent color of calcein-filled liposomes is completely ruptured
after the Triton X treatment, which indicates the successful
release of the encapsulated calcein from the liposomes.

Selectivity and Stability of the Calcein−Liposome and
Fe3O4 System. The interaction between the target virus with
the calcein−liposome and the Fe3O4 nanoparticles is functioned
by the monoclonal antibody conjugation. Therefore, it is
obvious that the sensor should possess high specificity.
However, to confirm any nonspecific interaction of the proposed
sensor, the selectivity experiment was carried out in the presence
of serummedium and other related viruses of the influenza virus
(105 copies mL−1), hepatitis E virus-like particle (10−9 g mL−1),
and zika virus (106 copies mL−1). The bare buffer solution
without any viruses and 10-fold diluted human serum samples
were treated as the negative control to verify the matrix effect.
The sensor in buffer and serum (as the negative control) did not
show any significant signal as the sensing process involves the
magnetic separation step (Figure 5a), which can effectively
eliminate the interferences. However, in the case of the other
interfering viruses, there was a very small signal observed, which
may be due to some nonspecific interaction with the membrane
of the liposomal matrix. Overall, the selectivity results prove that
the fluorescence signal is observed only in the presence of the
specific target virus.

Figure 5. Specificity and stability of the calcein−liposome and Fe3O4 system. (a) Fluorometric enhancement of calcein−liposome and Fe3O4 system in
the presence of the target NoV (105 copies mL−1), 10-fold diluted human serum, H1N1 influenza virus (105 copies mL−1), hepatitis E virus-like
particles (109 gmL−1), and zika virus (106 copies mL−1). (b) Stability test of the calcein−liposome and Fe3O4 with 10

5 copies mL−1 of NoV before (red
bars) and after (blue bars) addition of Triton X over a 4-week period.
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There is a possible disadvantage while using liposomes and
antibody in any sensing work as these two suffer from stability
issues when the sensor is treated for a long term.45,46 Therefore,
to observe the stability of the sensor during long-term use, NoV
detection was performed repeatedly over a 1-month period.
Although the individual components of calcein−liposome and
the Fe3O4 nanoparticles were preserved at 4 °C, the liposome
and the effectiveness of the antibody show obvious degradation
over time, resulting in a noteworthy decline in performance
within the first week of storage (Figure 5b). However, the sensor
can show appreciable performance up to three weeks of storage.
After that, due to the possible degradation of antibody and the
poor stability of the liposome (shown in Figure S4), the
background signal (without Triton X addition) makes the
system less reliable and unable to use.

■ CONCLUSIONS

In this work, a liposome-based amplification system has been
developed for the detection of theNoV, where a small number of
virus particles can produce amplified intense signals. The theme
of this work was schematically shown, where a new class of
calcein-encapsulated liposomes and APTES-functionalized
Fe3O4 nanoparticles was formulated. These two nanoparticles
were functionalized with monoclonal NoV antibody to achieve
specificity. Their mixture was used to form calcein−liposome/
NoV/Fe3O4 nanoconjugates only in the presence of target NoV.
A wide range of virus concentrations from 102 to 105 copies
mL−1 has been used in the sensor to verify its applicability. Due
to the presence of Fe3O4, the calcein−liposome/NoV/Fe3O4
nanoconjugates were separated from the analyte medium,
eliminating the possible interferences, and then externally burst
to release fluorophores from the core of the liposome.
Therefore, a large number of fluorophores resulted from a
small number of viruses and amplified the detection signal
significantly, which reduced the detection limit as low as 136
copies mL−1. Additionally, negligible cross-reactivity with
similar viruses and other interferences, even in serum matrixes,
confirmed the specific nature of the sensor with low background
signal. Summarizing all of the above results, it can be expected
that the sensing arrangement can have the potential for
application in different virus sensing systems in the near future.
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