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Abstract
The critical goal of sensitive virus detection should apply in the early stage of infection, which may increase the probable survival rate.
To achieve the low detection limit for the early stage where a small number of viruses are present in the sample, proper amplified
signals from a sensor canmake readable and reliable detection. In thiswork, a newmodel of fluorescent and electrochemical dual-mode
detection system has been developed to detect virus, taking recombinant Chikungunya virus E1 protein (CHIK-VP) as an example. The
hydrophobic quantumdots (QDs) embedded in the lipid bilayer of liposome andmethylene blue (MB) encapsulated in the inner core of
liposomes played a role of dual-signaling modulator. After CHIK-VP addition, the nanocomposites and APTES-coated Fe3O4

nanoparticles (Fe3O4NPs) were conjugatedwith antibodies to form a sandwich structure and separated from themediummagnetically.
The nanoconjugates have been burst out by chloroform as surfactant, and both the QDs and MB are released from the liposome and
were then monitored through changes in the fluorescence and electrochemical signals, respectively. These two fluorometric and
electrochemical signals alteration quantified the CHIK-VP in the range of femtogram to nanogram per milliliter level with a LOD
of 32 fg mL−1, making this liposomal system a potential matrix in a virus detection platform.
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Introduction

Virus detection with higher sensitivity and selectivity, along
with the presence of other interferences, is of great importance

to control the annual epidemic [1–5]. In most viral diseases,
the progress of vaccination is a time-consuming process that
encourages the necessity for the development of rapid sensing
technologies to prevent the viral outbreak. The rapid
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identification and quantification of viruses in all possible sam-
ples are of great significance for prompt treatment and effec-
tive management of illness [6–8]. Conventional virus detec-
tion methods like polymerase chain reaction (PCR) and other
branched-chain DNA-basedmethodologies are not well suited
for point-of-care diagnosis [9, 10]. These are time-consuming
and expensive and require intensive sample preparation with
high skilled personnel [11–13]. Therefore, the development of
an alternative method of virus detection is in high demand,
detecting the viruses in its early stage of infection with high
sensitivity and performing real-time monitoring purposes.

Target amplification is employed using the liposomal ma-
trix to attain high sensitivity, which has emerged in the last
decade as an attractive approach where a target virus bound to
a single liposome can generate amplified signals by releasing
the encapsulated signal probes [14–17]. Therefore, a small
number of viruses can generate an intense signal from the
liposome’s encapsulated probes [18–21]. Moreover, the en-
capsulated signal probes can be protected inside the liposome
until the external triggers appear and significantly reduce the
background noise, which is the great advantage of using
liposome-based systems. However, in a real-time application,
to attain the detectability of the virus at a very low concentra-
tion in the sample medium where a lot of impurities can inter-
fere with the sensing, it is essential to purify the target virus
from its medium. To achieve this, the well-established Fe3O4

magnetic nanoparticles can be extremely useful for removing
the interferences from the virus-loaded liposomal platform
after proper modification [22–29]. The magnetic nanoparti-
cles’ application is quite common in recent literature due to
its facile synthesis, APTES modification, and the high mag-
netic moment [26, 30, 31]. Though there are some advantages
of encapsulated probes in the liposomal matrix for amplifica-
tion of signals, from previous reports, it can be noted that the
reliability of the detection remains questionable, especially in
low concentration range [26, 31]. Therefore, a successful
combination of the liposomal matrix with magnetic nanopar-
ticles can be applied to construct a new class of the biosensor
where multiple detections can strengthen the results.

Energized by few recent reports on liposomal amplification
and magnetic separation, in this study, a dual-functional signal
amplification system containing fluorescent quantum dots (QDs)
embedded and methylene blue–encapsulated liposomes (QDs-
liposome@MB) has been synthesized for the detection of
Chikungunya virus E1 protein (CHIK-VP). Recombinant
CHIK-VP has been taken here as an example to establish the
sensingmethodology. This new class of nanocomposite, contain-
ing fluorescent and an electrochemical sensing probe, can pro-
vide double responsive sensing of a single analyte to enhance the
system’s reliability over other liposome-based platforms. In ad-
dition to different concentrations of CHIK-VP, the specific
antibody-conjugated QDs-liposome@MB and Fe3O4 nanoparti-
cles can bind with the CHIK-VP, and it can make a sandwich

structure, as pictured in Scheme 1. The whole conjugates (QDs-
liposome@MB with CHIK-VP-Fe3O4) have been separated
magnetically from the medium to discard the interferences and
excess liposomes. A surfactant can then disrupt the liposomal
formation and release the fluorophores and redox probes for
analysis. Hence, several probes can come out from the conju-
gates in the presence of a few numbers of CHIK-VP, and the
detection signal can be amplified in both processes of fluores-
cence and electrochemical differential pulse voltammetry (DPV),
respectively. In combination with the magnetic separation and
dual-mode detection, here, it can be expected to establish a new
sensing mechanism where dual signals from a single analyte
make more reliable testing results for real sample analysis.

Materials and methods

Chemicals and biological materials

Dry toluene, 1-octadecene, cadmium oxide (CdO), selenium
(Se), hexadecylamine (HAD), trioctylphosphine oxide
(TOPO), trioctylphosphine (TOP), (3-aminopropyl)-
triethoxysilane (APTES), N-hydroxy succinimide (NHS),
N-(3-(dimethylamino)-propyl)-N′-ethylcarbodiimide hydro-
chloride (EDC), and methylene blue were purchased from
Sigma-Aldrich (St Louis, MO, USA). 1-Palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (DOPC), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene gly-
col)-2000] (ammonium salt) (DSPE-PEG2000 amine), and 1,2-
dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) were
acquired from Avanti polar lipids (Alabaster, AL, USA). 28%
(w/v) ammonia solution is obtained from Duksan Pure
Chemical Co., Ltd. (Ansan-si, South Korea). Phosphate-
buffered saline (PBS), FeCl2·4H2O, FeCl3·6H2O, methanol,
chloroform, acetone, and sodium citrate were purchased from
Wako Pure Chemical Industries Ltd. (Japan).

Recombinant Chikungunya virus E1 protein [ab 187240] and
anti-Chikungunya virus antibody [B 1413M] [ab 130889] were
purchased from Abcam Inc. (Cambridge, UK). For conducting
selectivity test, white-spot syndrome virus (WSSV), hepatitis E
virus–like particles (HEV-LP), Zika virus, and influenza virus A
(H3N2) were kindly provided by Dr. Jun Satoh, National
Research Institute of Aquaculture of Japan Fisheries Research
and Education Agency, Dr. Tian-Cheng Li of National Institute
of Infectious Diseases, Japan, Professor K. Morita of Institute of
Tropical Medicine Nagasaki University, and Dr. C. Kawakami
of the Yokohama City Institute of Health (Yokohama Japan),
respectively.

Apparatus

Dynamic light scattering (DLS) measurements were per-
formed using a Zetasizer Nano series (Malvern Inst. Ltd.,
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Malvern, UK). A confocal laser scanning microscope (FV-
1000, Olympus, Tokyo, Japan) was used to take the liposome
image using a stage thermocontrol system (Thermoplate,
Tokai Hit, Shizuoka, Japan). Fluorescence spectra and UV-
vis absorption was taken by using a microplate reader (Infinite
F500; TECAN, Ltd., Männedorf, Switzerland). Transmission
electron microscopy (TEM) images of QDs, Fe3O4, lipo-
somes, and their nanocomposites were obtained by JEOL
TEM (JEOL, Tokyo, Japan). Electrochemical DPV was per-
formed by an SP-150 (BioLogic.inc, Tokyo, Japan) in a satu-
rated Ag/AgCl, with a conventional three-electrode cell
consisting of a glassy carbon disk electrode (4 mm in diame-
ter) as the counter, reference, and working electrodes, respec-
tively (EC frontier, Tokyo, Japan).

Preparation of CdSe QDs

Necessary precursors such as CdO, ODE, HDA, TOP, Se, and
OA were used to perform the organometallic hot-injection
synthesis of hydrophobic CdSe QDs followed by a previously
reported procedure [32].

Synthesis of APTES-coated Fe3O4 nanoparticles

The synthesis of magnetic Fe3O4 nanoparticle was followed
by a previously reported standard method [33, 34]. As-
synthesized magnetic Fe3O4 nanoparticles were coated with
APTES by previously reported salinization method. To

dissolve the APTES, dry toluene was used as the reaction
medium, and finally, the as-synthesized Fe3O4 nanoparticles
were added into the solution. To obtain the APTES-coated
Fe3O4 nanoparticles, the mixture of the solution was refluxed
at 120 °C for 20 h with continuous stirring. Finally, the
APTES-coated Fe3O4 nanoparticles were rinsed with fresh
toluene to remove the remaining APTES and were dried over-
night and stored.

Preparation of CdSe QD-embedded and methylene
blue–encapsulated liposome

The as-synthesized hydrophobic CdSe QDs were centrifuged
for 10 min at 11,000×g and then re-dispersed in chloroform to
measure the concentration. Methylene blue (MB) solutions
were prepared by dilution method from its stock solution of
10 mM in PBS.

Twenty microliters of hydrophobic CdSe QDs dissolved
in chloroform and 200 μL of 10 mM phospholipid mixtures
solution of DOPC: DOPG: DSPE-PEG2000 (molar ratio
50:40:10) in chloroform were added into 5-mL glass vials
and was evaporated by a flow of nitrogen gas to produce a
thin homogeneous lipid film layer on the glass wall [22].
Then, the vial was stored in a vacuum desiccator for 12 h to
evaporate completely. The fluorescence image of lipid film
containing QDs is given in Fig. S1, ESM. To make the
homogeneous lipid suspension, 1 mL of the MB solution
(various concentrations as mentioned later) was used to

CHIK-VP

APTES-
Fe3O4

antibody

Chloroform

Hydrophilic MB

Hydrophobic QD

antibody

Fluorescence 
Sensing (QD)

Electrochemical
Sensing (MB) 

Liposome

Scheme 1 Schematic representation of the formation of QDs-liposome@MB and its sandwich hybridization with Fe3O4 nanoparticles and its dual-mode
detection mechanism for CHIK-VP detection
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hydrate the lipid film and agitated on a vortex mixer until the
lipid film was entirely detached from the glass walls. The
process of forming the liposome has been schematically
presented in Fig. S2. Finally, the lipid suspension was dia-
lyzed using a 2-kDa dialysis bag for 24 h to get purified
unilamellar monodisperse QDs-liposome@MB by mem-
brane filtering method.

Antibody conjugation on QDs-liposome@MB and
Fe3O4 nanoparticles

The anti-CHIK-VP antibody was conjugated to the amine-
functionalized liposome and APTES-coated Fe3O4 nanoparti-
cles separately, according to the previously reported protocols
[35–37]. Initially, the carboxyl group of antibodies was activat-
ed using EDC/NHS. After that, the as-synthesized QDs-
liposome@MB and APTES-coated Fe3O4 were added to con-
jugate the antibody separately and incubated for 1 h at room
temperature. The amine group of DSPE-PEG2000 phospho-
lipids in the liposome and the APTES of Fe3O4 nanoparticles
conjugate with the activated carboxylic group of antibodies,
and the solution was purified by centrifugation for 10 min at
10,000 rpm to remove the unreacted antibodies and the other
coupling agents. The method of sensor preparation and its de-
tection has been schematically presented in Fig. S2 in the ESM.

Optical and electrochemical sensing of CHIK-VP

Antibody-conjugated QDs-liposome@MB and Fe3O4

nanoparticles were added with various CHIK-VP concen-
trations, as mentioned later, and incubated for 10 min to
make the sandwich structure. After the antibody-virus bind-
ing, an external magnet of 10 mT was placed at the bottom
of the mixture solution to remove the detection solutions’
impurities and excess reactants. After separating, the detec-
tion solution was re-dispersed in a fresh PBS buffer (pH 6.8)
and transferred in a 96-well microplate. For the disruption
of the liposome, 0.1 mM of 5 μL chloroform was added in
the solution, as mentioned in earlier reports [14], which
triggered the liposome’s disruption, releasing embedded
QDs and encapsulated MB from the liposome. The solution
was excited at 400 nm, and the fluorescence intensity was
measured in a range of 630–750 nm before and after the
addition of chloroform. Similarly, the solution was sepa-
rately mixed with the PBS electrolyte. Electrochemical
DPV was performed by an SP-150 (BioLogic.inc, Tokyo,
Japan) in a conventional three-electrode cell consisting of a
glassy carbon disk electrode (4 mm in diameter) as working,
a Pt wire as counter and a saturated Ag/AgCl, electrode as a
reference electrode (EC frontier, Tokyo, Japan) at a fix scan
window of − 0.4 to 0.0 V.

Results and discussions

Characterizations of QDs-liposome@MB and Fe3O4

nanoparticles

To make the precise size of the liposome, the specific compo-
sition of phospholipids of DOPC, DOPG, and DSPE-PEG2000

amine (50:30:20) were taken according to our previous reports
[22]. As-synthesized, hydrophobic CdSe QDs were used to
get embedded in the lipid bilayer of liposome during the film
formation step of the lipid. MB was also incorporated while
following the hydration step of the liposome so that MB can
reside in the inner core of the liposome. After that, 0.2 μm of
the polycarbonate membrane was used as a filter to remove
the excess MB from the liposome solution. Simultaneously,
Fe3O4 nanoparticles were synthesized by the sol-gel method,
and APTES was coated on it through the standard process of
salinization. Initially, these three nanoparticles (QDs, Fe3O4,
and liposome) were characterized by TEM, as shown in Fig. 1.
In Fig. 1a, QDs are presented as uniformly dispersed with the
range of 5–7 nm in size, where the particle distribution shows
in Fig. 1b. The UV-absorption peak at 650 nm and the fluo-
rescence spectra at 670 nm of the QDs indicate the successful
preparation of the CdSe (Fig. 1c) [38]. The QDs are dark red
under UV light, as shown in Fig. 1d. The liposomes are shown
in homogeneously distributed spherical form, as presented in
the TEM image of Fig. 1e. The liposome structures are also
characterized by the confocal images where the differential
interference contrast (DIC) image (Fig. 1f) and fluorescent
image (Fig. 1g) of liposome displays the completely spherical
formation while emitting the strong red fluorescence of QDs
in the lipid bilayer. The TEM image of the Fe3O4 nanoparti-
cles is shown in Fig. 1h. The average diameter of 26.5 nm is in
a range of 22–34 nm of size, as presented in the bar diagram of
Fig. 1i. Hydrodynamic radii of Fe3O4 nanoparticles, QDs-
liposome@MB, and QDs-liposome@MB||CHIK-VP||Fe3O4

sandwich hybridization nanoconjugates are shown in Fig. 1j.
The average size of the as-prepared Fe3O4 and QDs-
liposome@MB are found as 15 and 200 nm, respectively,
which resembles the size from their corresponding TEM im-
ages. However, after the QDs-liposome@MB||CHIK-
VP||Fe3O4 sandwich nanoconjugates was formed, the size of
the nanoconjugates structure increases near to 900 nm, which
indicates the successful construction of the sandwich hybrid-
ized structure.

Formation of QDs-liposome@MB and its optimized
condition for virus detection

The as-synthesized QDs-liposome@MB has been initially in-
vestigated for the suitable surfactant to release embedded fluo-
rescent molecules. Among the different surfactants commonly
used for the disruption of liposomal formation [39],
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chloroform shows the best result compared to Triton X and
Tween 20 (Fig. 2a) [40, 41]. In the case of a 1:1 mixture of
chloroform and methanol, the liposome’s initial perturbation
is slightly higher than only chloroform. However, after some
time of incubation, the release has been noticed highest in
chloroform. As the dissolution of the lipid layer in the chloro-
form is a slow process, the optimized time for the complete
release has been chosen as 10 min, as shown in Fig. 2b. After
that, the fluorescence enhancement has reached its saturation,
confirming the liposome’s dissolution time is 10 min. The
amount of CdSe QDs has also been optimized with the fixed
amount of liposome of 103 particles mL−1. Three different
concentrations of QDs have been taken to check the optimum
condition where the QDs can be entirely embedded in the

liposome’s hydrophobic surface. In the case of 0.5 and
1 mg mL−1 QD concentration, the fluorescence enhancement
is quite satisfactory compared to the low level of 0.1 mgmL−1.
However, in the case of 1 mg mL−1, the QDs are not only
embedded in the surface but also penetrated inside the lipo-
some, as shown in the inset of Fig. 2c. Due to the hydrophobic
nature of the QDs, the encapsulated amount of the QDs inside
the liposome is completely random and thus should be
avoided. Therefore, the moderate concentration of
0.5 mg mL−1 of CdSe QDs has been selected for further lipo-
some formation. A similar phenomenon is also observed in the
case of DSPE lipid concentration. This amine group-
containing lipid has been used in this work to produce the
amine functionalization on the surface of the liposome, where

Fig. 1 Characterizations of the as-synthesized CdSe QDs, Fe3O4 nano-
particles, and QDs-liposome@MB. a TEM images, b particle size distri-
bution, c UV-Vis absorption and fluorescence emission spectra, and d
fluorescence image under UV light of CdSe QDs. e TEM images and f, g

confocal images of QDs-liposome@MB. h TEM image and i particle
distribution of Fe3O4 nanoparticles, (j) hydrodynamic radius of Fe3O4

nanoparticles, QDs-liposome@MB, and QDs-liposome@MB||CHIK-
VP||Fe3O4 sandwich nanoconjugates
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the antibody can bind through its carboxylic group [42].
Therefore, it is always good to take the maximum amount of
DSPE lipid in the lipid mixture composition without hamper-
ing the structure to load the maximum number of antibodies.
However, a higher concentration than 1 mM can spill the QDs
inside the core. Therefore, to avoid the QD encapsulation, less
than 1 mM of the DSPE lipid has been used (Fig. 2d).

In the electrochemical sensing, the concentration of the en-
capsulated redox probe is the most crucial parameter. The max-
imum concentration of MB can enhance sensitivity. However,
the possibility of leakage or the background signal increases
with the increasing concentration, resulting in reduced reliabil-
ity [43]. Therefore, the encapsulation of MB concentration in
the liposome was optimized. During the liposome synthesis,
three levels of MB concentration (0.1, 1, and 5 mM) were used
for the MB encapsulation in the core of the liposome and mea-
sured different concentrations of CHIK-VP. It is evident from
Fig. 2e; all different concentrations of MB display excellent
linearity in the DPV signal. However, the sensor’s blank value
in the case of 5 mM concentration is very high, indicating the
possible leakage of the MB. Therefore, the highest concentra-
tion of 5 mM MB has been rejected. Compared with 0.1 and
1 mM, peak intensities of 1 mM MB are best suited according
to their slope of the calibration lines, which is used for the
remaining studies.

Additionally, after optimizing different liposome composition
with the concentration of the embedded QDs and encapsulated

MB, the construction of the QDs-liposome@MB||CHIK-
VP||Fe3O4 nanoconjugates were investigated with a different
concentration ratio of the Fe3O4 nanoparticles and QDs-
liposome@MB. In this sensing work, the analyte of CHIK-VP
bound with antibody-conjugated QDs-liposome@MB and
Fe3O4 in a sandwich formation and then separated by applying
a magnetic step. Therefore, it is obvious that the higher number
of magnetic Fe3O4 nanoparticles can increase magnetic separa-
tion efficiency. However, an excess amount of Fe3O4 nanoparti-
cles can bind on the virus surface itself rather than conjugate of
the liposome, whichmay generate a false-negative signal. On the
other side, the fewer amount of Fe3O4 may be unable to bind the
virus as well as with the liposomes, producing false-positive
signals. Therefore, using the amount of magnetic Fe3O4 nano-
particle should be optimized, which is also crucial in this work. A
concentration range of 10−13–10−8 gmL−1 of CHIK-VP has been
applied to the different amounts of magnetic Fe3O4 nanoparticles
with a fixed concentration of QDs-liposome@MB. As shown in
Fig. 2f, the magnetically isolated QDs-liposome@MB||CHIK-
VP||Fe3O4 nanoconjugates have been tested both fluorometric
and DPV method before and after the addition of chloroform.
In the case of a low amount of Fe3O4, the magnetic
nanoconjugates contain a lesser amount of virus particle than
the 0.7 mg, which indicates the partial binding of viruses.

On the other hand, a high amount of Fe3O4 of 1 and 1.5 mg,
though themagnetic adduct successfully separated the viruses.
However, it self-quenched the signal due to the MB-Fe3O4
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Fig. 2 a Effect of different surfactants on the disruption of the QDs-
liposome@MB, b time-dependent study on the disruption of the QDs-
liposome@MB, c optimization of the concentration of embedded CdSe
QDs in the formation of QDs-liposome@MB, d confocal images of the
QDs-liposome@MB with different concentration of amine-

functionalized DSPE lipid, e optimization of the encapsulated MB, and
f optimization of the concentration of Fe3O4 nanoparticles for the conju-
gation of the QDs-liposome@MB||CHIK-VP||Fe3O4 nanoconjugates in
CHIK-VP sensing
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and QD Fe3O4 interactions. Therefore, optimizing all the re-
sults, 0.7 mg of Fe3O4 nanoparticles proves to be the best-
chosen concentration for using in this virus detection system.

Detection of CHIK-VP by QDs-liposome@MB-Fe3O4

system

After optimizing all the parameters, the QDs-liposome@MB-
Fe3O4 system was tested for the applicability for the detection
of different concentrations of CHIK-VP. Before the addition

of CHIK-VP, there are free antibody-conjugated QDs-
liposome@MB and Fe3O4 in the reaction medium.
However, there is no substantial interaction between these
two composites. After adding different concentrations of
CHIK-VP and incubating for 10 min, the liposome and nano-
particles were bound with the virus through their correspond-
ing specific antibodies conjugated on the surface of each to
make the QDs-liposome@MB||CHIK-VP||Fe3O4 sandwich
structure. The nanoconjugates were separated magnetically
and used to measure the virus concentration by the

Fig. 3 Detection of CHIK-VP: a fluorescence enhancement of CdSeQDs
after release from the embedded structure of QDs-liposome@MB||CHIK-
VP||Fe3O4 nanoconjugates, b calibration line in the concentration range
of 10−13–10−8 g mL−1 of CHIK-VP, c TEM image, d DIC, and e
fluorescent confocal images of the QDs-liposome@MB||CHIK-

VP||Fe3O4 nanoconjugates after disruption by chloroform, f DPV peak
of MB enhancement and its g calibration line, after release from the
encapsulated structure of QDs-liposome@MB||CHIK-VP||Fe3O4

nanoconjugates in the concentration range of 10−14–10−8 g mL−1 of
CHIK-VP
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fluorometric and DPV separately. The fluorometric study was
carried out at 400 nm and 672 nm of wavelength for the
excitation and emission, respectively, and has shown a strong
signal of the QDs after disrupting the liposomes, triggered by
chloroform. As shown in Fig. 3a, the fluorescence intensities
of different CHIK-VP concentrations in the range of 10−13–
10−8 g mL−1 evidently indicates the existence of an increasing
concentration of released QDs. Before the addition of viruses,
the QDs are embedded inside the hydrophobic core of the
liposomal wall. Due to the closely packed orientation, the
fluorescence of the QDs is not showing any strong peak under
excitation. However, after the disruption of the liposome, the
free QDs can produce a signal in fluorescence. The calibration
line (Fig. 3b), based on the intensity of fluorescence, con-
serves the linearity over the full range of concentration with
a correlation coefficient of 0.977. The limit of detection
(LOD) has been calculated and obtained from the calibration
line, which is 0.56 pg mL−1 derived from the 3σ/s method
(three times the standard deviation of the lowest concentration
of target/slope of the calibration line) [44]. The TEM (Fig. 3c)
and confocal images (Fig. 3d and e) of the nanoconjugates
after chloroform addition also corroborate with our hypothesis
about the disruption structure of the liposomes.

Simultaneously, the QDs-liposome@MB||CHIK-
VP||Fe3O4 nanoconjugates have also been tested in the elec-
trochemical DPV for the measurement of the released MB.
Based on the hypothesis, with the addition of chloroform in
the liposome mixture, the released MB comes into the buff-
er. As shown in Fig. 3f, the DPV signal of MB at − 0.22 V
represents CHIK-VP concentration in the concentration
range of 10−14–10−8 g mL−1. The calibration line accom-
plished from the peak current in DPV was calculated and
plotted in Fig. 3g, which shows the linearity with the corre-
lation coefficient of 0.993. The LOD has been measured
from the calibration line of 32.7 fg mL−1, calculated from

the 3σ/s method [44] which is one order less than the optical
detection due to the high sensitivity of the electrochemical
process.

In comparison with other virus detection methods, as
presented in Table 1, the LOD and the range of concentra-
tion have clear superiority over other virus detection
methods. As CHIK’s detection or its protein is rarely report-
ed in the literature, we have compared our results with other
methods. In the case of colorimetric and fluorometric sens-
ing, which are the most common detection method due to its
simplicity and the possibility for naked-eye detection, the
LOD is too poor, not applicable for CHIK diagnosis of this
disease. In electrochemical methods, a relatively low LOD
has been reported. However, due to the dual approach, the
combination of fluorescent and electrochemical methods,
the LOD, and the wide range of concentration range of this
current work is significantly better than the others.

Selectivity of the sensor

As the antibody conjugation controlled the sandwich structure
formation between the target CHIK-VP with QDs-
liposome@MB and Fe3O4 nanoparticles, it is evident that
the sensor should possess high specificity. To confirm its
specificity, a selectivity test was performed with other viruses
such as WSSV, Zika, influenza virus (105 copies mL−1), and
hepatitis E virus–like particle (10−9 g mL−1) and BSA as a
negative control. The concentration of all interferences taken
for selectivity is higher than their concentrations found in
blood, serum, or other sources. The BSA does not show any
significant signal in both the detection method of fluorometric
and DPV (Fig. 4) as expected. Other interfering viruses do not
significantly change the signal because the sensing method
includes magnetic separation of impurities. A minimal fluo-
rometric response has been observed, which may occur due to

Table 1 A comparison table for this current method with other virus detection methods in terms of materials, LOD, and detection range

Detection method Materials used Analytes LOD Detection range References

Paper-based colorimetry Wax-patterned paper layer,
AuNP

NoV 9.5 × 104 copies
mL−1

1.58 × 105–7.9 × 107 copies
mL−1

[45]

Fluorometry AuNP, CdSeTeS QDs Influenza 3 × 10−10 g mL−1 – [46]

Fluorometry Colloidal GNP Influenza 1.39 × 10−8 g mL−1 5–50 × 10−9 g mL−1 [47]

Fluorometry QDs, AuNPs Influenza 9 × 10−7 g mL−1 0.27–12 × 10−9 g mL−1 [48]

Immuno-chromatography Colloidal gold CHIKV
(S27/African)

≥ 1 × 105 PFU mL−1 2.9 × 10−4–1.6 × 10−8 PFU
mL−1

[49]

Electrochemical ZnO NR, PDMS Influenza 1 × 10−12 g mL−1 1–10 × 10−9 g mL−1 [49]

Electrochemical Graphene, AuNP NoV-LP 100 pM 100 pM–3.5 nM [50]

Electrochemical Carbon microarray electrode,
AuNP

MERS-CoV 1 × 10−12 g mL−1 0.01–10,000 × 10−9 g mL−1 [51]

Electrochemical Gold microelectrode ZIKV protein 10 pM 10 pM–1 nM [52]

Fluorometry QDs-liposome@MB CHIK-VP 0.56 × 10−12 g mL−1 10−13–10−8 g mL−1 This work
Electrochemical 32.7 × 10−15 g mL−1 10−14–10−8 g mL−1
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the nonspecific interaction with the liposome membrane,
which is significantly low compared to the target CHIK-
VP’s signal. Therefore, from this selective study, it can be
noted that the fluorescence and the DPV signal originates only
if the specific target virus is present, which confirms its prac-
tical applicability for the virus detection purpose. However,
for its real sample analysis, the stability of these materials is a
major concern. Due to the formation of the liposomal plat-
form, there is a possibility of leakage of the liposome struc-
ture’s encapsulated materials over time. In Fig. S3 of ESM,
thematerials’ stability shows acceptable results within 2weeks
of its preparation, a disadvantage for its practical analysis.
However, the liposomal structure can be replaced by any other
stable nanocarrier like solid-lipid nanoparticles or metal-
organic frameworks to enhance the stability for the real sam-
ple analysis in the future.

Conclusion

In this work, a liposome-based dual-functional signal ampli-
fication systemwith the combination ofmagnetic Fe3O4 nano-
particles has been developed to detect CHIK-VP. For the suc-
cessful blending of these two components, few numbers of
virus particles have been able to produce amplified intense
signals even in presence of other interferences. A hydrophobic
red fluorescent CdSe QDs embedded and MB solution encap-
sulated liposome with APTES-coated Fe3O4 nanoparticles
were prepared separately and conjugated to the anti-CHIK-
VP antibody to make specific binding for the target virus. In
presence of various CHIK-VP concentrations, the QDs-
liposome@MB and magnetic Fe3O4 nanoparticles formed
the sandwich-like structured complex which was disrupted
for the virus detection purpose. The LOD has been found as
0.56 pg mL−1 and 32.7 fg mL−1 in fluorometric and DPV
process, respectively. Due to the successful fabrication of

dual-mode detection probes in a single system, the liposomal
matrix could be applied for double responsive sensing for a
single analyte. This enhances the reliability of the results ex-
ceptionally well, signifying the proposed platform’s superior-
ity over other liposome-based systems. Also, the negligible
cross-reactivity with other viruses and different matrices,
along with low background signals, confirm the specific be-
havior of the sensor, indicating its potential application in
different virus sensing approaches in the near future.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-020-04656-2.
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