
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 1
:3

2:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A magnetic imm
aDepartamento de Ciencias Qúımico Biológ
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unoconjugate nanoplatform for
easy colorimetric detection of the NS1 protein of
dengue virus in infected serum

Ramsés Ramı́rez-Navarro, a Peter Polesnak, b Julio Reyes-Leyva, c

Ubydul Haque, d Juan Carlos Vazquez-Chagoyán, e Mart́ın R. Pedroza-
Montero, f Miguel A. Méndez-Rojas *b and Aracely Angulo-Molina *af

In this work, as a proof of principle, the design and performance evaluation of a simple, cheap and efficient

colorimetric test for the detection of the NS1 protein of dengue virus, assisted by an immunoconjugate of

magnetite (Fe3O4) nanoparticles coupled to anti-NS1 antibodies is reported. A monoclonal antibody against

the NS1 antigen was covalently immobilized on the surface of superparamagnetic iron oxide nanoparticles

(SPIONs � 20 nm) and used for the immunodetection of this protein. When the magnetic immuno-

nanoplatform is added into infected serum, it conjugates with the NS1 protein and can then be easily

separated using an external magnetic field; then, the recovered immunoconjugate is transferred into

a well containing a second immobilized NS1-antibody to form an ELISA-type system. When the NS1

protein is present, a color change to blue is induced by reaction with the Perls reagent, which is

consistent with the formation of a SPION-antibody-NS1 antigen-antibody conjugate that confirms

infection. No false positives were found when NS1 was not present or a different antibody and the NS1

protein were added into the system. The experimental findings could be extrapolated and scaled up to

lead to future developments of simple, quick, and inexpensive, in situ biomolecular diagnostic tests for

emergent viral infections.
Introduction

Dengue fever is mainly caused by the female mosquito Aedes
aegypti and presents four virus serotypes (DENV1–DENV4). One-
third of the world's population is at risk, as the disease is
endemic in 128 countries; each year, up to 400 million people get
infected with dengue. Around 100 million people get sick from
infection, and 22 000 die from severe dengue.1,2 The disease is
widespread throughout the tropics and subtropical areas, inu-
enced strongly by rainfall and temperature and, in the last few
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years, by climate change. In Latin America, we can nd the four
dengue serotypes DENV1, DENV2, DENV3 and DENV4 with
hyperendemic patterns.3 In Mexico, 41 505 cases were conrmed
during 2019, with 13 261 cases showing strong and severe
symptoms.4 These data do not include infected persons who did
not go to a health center, or who may be mis-diagnosed with
other diseases, in which case death of the individualmay occur as
a consequence of lack of appropriate medical treatment. The
incidence, spread and severity of dengue disease have increased
worldwide. For this reason, a timely diagnosis of this disease is
highly important for the appropriate handling of the patient.2–5

In the case of viral infectious diseases such as dengue and
others, early identication would allow a rapid response and
adequate clinical treatment, thus offering greater possibilities
for recovery.6 Currently the diagnosis of dengue is made
through the PCR technique, this being considered the gold
standard or preferred choice. This analytical technique has the
ability to detect and differentiate between the different sero-
types of the virus, but its high cost associated with the use of
specialized equipment and the need of being performed in
analytical laboratories represent a serious limitation. Likewise,
serological tests have been implemented which detect viral
proteins such as the NS1 protein, which can be found shortly in
the body uids of the patient aer infection; the blood values of
NS1 range from several ng mL�1 to several mg mL�1 and peaked
Nanoscale Adv., 2020, 2, 3017–3026 | 3017
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at 50 mg mL�1 of serum in acute cases, oen reported in the
literature. However, this range depends on several factors, such
as the progression of the infection,7 virus serotype,8 immuno-
logic stage9 and primary or secondary infections.10 Taking into
account all data reported until today, the operating range of NS1
detection in serum to design an useful diagnostic tool will be
required to go from ng mL�1 to mg mL�1. NS1 is a highly
conserved protein in the virus and is one of the seven non-
structural proteins encoded by dengue virus genome. NS1
presents the ability to bind to IgG and IgM antibodies expressed
upon its presence. In conventional serological tests, NS1 pres-
ents problems in detection specicity, in addition to a loss of
sensitivity in the early stages of infection.11,12

Recently, the use of magnetic iron oxide nanoparticles,
such as magnetite, as a nanoplatform has attracted the
attention of several research groups around the world due to
its potential biomedical applications. Since the small sized
iron oxide NPs have a large surface area, they will present
several available sites for the conjugation of useful biomed-
ical molecules such as antibodies. Also, the physical proper-
ties of nanomaterials, such as magnetism, electronic
structure and optical properties, can be easily tuned and
modied.13,14 It has been recently found that the sensitivity for
the detection of certain molecules associated with viral or
bacterial infections can be enhanced using metallic NPs.15,16

Also, as exogenous iron oxide NPs can be detected in tissues
and other major organs using the Perls reagent which upon
reaction produces a blue precipitate, this reaction can be
useful for the colorimetric detection of iron oxide NPs.
Considering the above, in this work the development of
a cheap magnetic immunoconjugate nanoplatform for the
colorimetric detection of the NS1 dengue protein, using NS1
antibodies covalently attached to the surface of magnetite
nanoparticles, is reported. For clinical purposes, the system
here developed is able to detect positive samples of NS1 even
if is the rst time of infection or it is a reinfection. This
method could be used in areas with resource-scarce settings,
and it may be easily adapted for the detection of proteins
associated with other emerging viral infections, such as the
current SARS-Cov-2 pandemic.
Experimental section
Materials

All the reagents were of analytical grade and used without
further purication. Ferrous chloride tetrahydrate (FeCl2$4H2O,
Cat: 2202997, Lot: MKBJ2807, 98%, Aldrich), and ferric chloride
hexahydrate (FeCl3$6H2O) salts, as iron(II) and iron(III) precur-
sors, with a solution of 25% ammonium hydroxide (NH4OH,
Cat: 221228, Lot: SHBG1201V, 28–30%, Aldrich), sodium citrate
as a stabilizer (Na3C6H5O7, Cat: 54641, Lot: SLBM1808V, 99%,
Aldrich), anhydrous toluene (Cat: 244511, Lot: SHBC9582V,
99.8%, Aldrich) and (3-aminopropyl)trimethoxysilane (APTMS,
H2N(CH2)3Si(OCH3)3, Cat: 281778, Lot: BCBL6126V, 97%,
Aldrich), were purchased from commercial sources and used as
received if not otherwise indicated.
3018 | Nanoscale Adv., 2020, 2, 3017–3026
Synthesis of Fe3O4 NPs

Magnetite (Fe3O4) nanoparticles were prepared by the co-
precipitation method, as previously described in the litera-
ture.17,18,21 In summary, 1.23 g (4.56 mmol) of FeCl3$6H2O and
0.557 g (2.28 mmol) of FeCl2$4H2O were mixed, with a molar
ratio of 2 : 1 in 8.0 mL of triple-distilled water under intense
agitation. The mixture was heated at 60 �C and stirred for 30
minutes. Then, 2.0 mL of a 25% NH4OH solution was added,
and 5 minutes later, 500.0 mL of a sodium citrate solution at
a concentration of 500.0 mg mL�1 was added. The solution was
le for 60 minutes, under the same heating and reux condi-
tions. The black precipitate was magnetically decanted using
a Nd magnet and washed with triple-distilled water (three
times) and ethanol in a 1 : 1 ratio and then separated by
magnetic decantation. Finally, the black solid was dried under
vacuum at 80 kPa, at 60 �C, for 16 hours.17,18,21

Functionalization of Fe3O4 NPs

50.0 mg of recently prepared and dried Fe3O4 NPs were re-
dispersed in 15.0 mL of anhydrous toluene, and mixed with
35.0 mL of APTMS at 60 �C for 4 hours under stirring. Aer this,
the product was magnetically separated and washed with
toluene to eliminate residual APTMS not coupled to the nano-
particles. Then, the product was dried under vacuum condi-
tions (80 kPa), at 60 �C for 16 hours, to avoid oxidation.19

Nanoparticle characterization

To determine the size distribution and hydrodynamic diameter
of the NPs, a Nano-Flex Serial W3298 (Microtrac) dynamic light
scattering (DLS) instrument was used.14 The morphology of the
NPs was analyzed with a Nova Nano SEM 200 Mark (FEI) eld
emission STEM (scanning transmission electron microscopy)
instrument, working at 30 kV.20 The presence of functional
groups of silanized NPs was determined using a Cary 630 (Agi-
lent Technologies) Fourier transform infrared (FTIR) spectro-
photometer, with a spectral window from 4000 cm�1 to
400 cm�1.21,22

Cell culture

The U937-DC-SIGN cell line (ATCC® CRL-3253™) was cultured
in the RPMI-1640 medium supplemented with 5% fetal bovine
serum (FBS) and incubated at 37 �C and 5% CO2.

Production of protein NS1

A suspension of cell line U937-DC-SIGN was prepared in 2.0 mL
of the RPMI medium without serum and 1.0 mL of the
suspension was placed in two conical tubes. One of the tubes
was treated with 5.0 mL of a virus inoculum (DENV2), at
a concentration of 6 � 108 PFU mL�1 (1 MOI). They were
incubated for one hour and then centrifuged at 1000 rpm for
5 min, eliminating the supernatant. It was resuspended in
3.0 mL of RPMI at 5% SFB, to achieve a concentration of
1 000 000 cells per mL. Aer 24 hours of incubation, it was
centrifuged at 3500 rpm for 5 min, recovering the control and
infected supernatant. The total protein in the supernatant was
This journal is © The Royal Society of Chemistry 2020
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quantied using the Bradford 1X Dye Reagent Quick Start™
reagent (Cat: 500-0205, Lot: 200005735, BIO-RAD), and by
reading its absorbance at 570 nm. The infected supernatant and
the control supernatant were analyzed.23 In addition, to deter-
mine the presence of the NS1 protein, an electrophoretic prole
analysis was performed. Therefore, 12% SDS-PAGE was per-
formed under reducing, non-denaturing conditions. The gels
were 0.75 mm thick and loaded with 35.0 mg of the protein. The
run was carried out at 100 volts per 90 minutes, and then dyed
using Coomassie Blue.24 The banding prole and the relative
abundance were obtained using a photo-document (XR +
Imaging System, Gel Doc, Molecular Imager, BIO-RAD).
Nanoplatform design for the detection of the NS1 protein

Formation of the conjugate Fe3O4 NPs – Ab. To prepare the
nanoparticle-antibody conjugate, 4.0 mg of silanized NPs were
resuspended in 1.0 mL of 1X PBS, stirred until dissolved and
sonicated for 10 min. The antibody Ab41616 (ms mAb [DN2]
dengue virus NS1 glycoprotein antibody, Lot: GR256259-1,
ABCAM, stock concentration 0.705 mg mL�1) was diluted to
1 : 30. We evaluated different volumes of the antibody (20.0,
Fig. 1 (a) Size distribution of nearly monodisperse Fe3O4 NPs, with an a
silanized Fe3O4 NPs, with an average hydrodynamic diameter of 52.7
biomedical uses.

This journal is © The Royal Society of Chemistry 2020
40.0 & 60.0 mL corresponding to 0.47, 0.94 & 1.41 mg mL�1

respectively) to be added in the NPs for its conjugation to know
the optimum concentration. The interaction was carried out for
one hour at room temperature, with occasional movement.
Aer the incubation, 3 washes were performed, decanting
magnetically and resuspending in 1.0 mL of PBS 1X. The
conjugate was kept refrigerated at 4 �C until use.25

Preparation of microplates. The bottoms of 96-well plates
(biolegend B211303) were coated with 100 mL of the rst anti-
body Ab42316 (ms mAb [DN2] dengue virus NS1 glycoprotein
antibody Lot: GR280343-1, ABCAM) diluted to 1 : 30 and incu-
bated for 24 hours at 4 �C. Then, the remaining available
anchoring sites on the plates were blocked with 100.0 mL of
a blocking solution containing 5% albumin in each well,
allowed to incubate for 1 hour, and subsequently washed 6
times with PBS 1X.18

Recognition of the NS1 protein. For this purpose, 100.0 mL of
24 hour supernatants of the infected U937-DC-SIGN line and
controls diluted to 1 : 5 were added into the wells. The plates
were incubated for 1 hour at room temperature. Aer incuba-
tion, the wells were washed with PBS 1X.25
verage hydrodynamic diameter of 26.9 nm � 7. (b) Size distribution of
nm � 3. Hydrodynamic diameters are in the appropriate range for

Nanoscale Adv., 2020, 2, 3017–3026 | 3019
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Fig. 2 Nearly spherical Fe3O4 nanoparticles of approximately 12 nm � 4 as observed by scanning transmission electron microscopy (STEM).
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Recognition of the secondary antibody conjugate (Fe3O4 NPs
– Ab). 100.0 mL of the Fe3O4 NPs – Ab conjugate were placed in
each well for its interaction with NS1. The plates were incubated
at room temperature for 1 hour. At the end of the incubation
period, washes were made with PBS 1X.26
Fig. 3 FTIR spectra of Fe3O4 NPs (blue) and silanized Fe3O4@SiO NPs. Th
is well defined in both spectra, as well as the band at 1100 cm�1 corresp

3020 | Nanoscale Adv., 2020, 2, 3017–3026
Plate revelation. The plate was revealed using the Perls'
Prussian blue staining protocol, which is a staining technique
developed for detecting exogenous Fe3+ ions on tissues and
solutions. Since the NPs of magnetite are composed of Fe2+ and
Fe3+ ions, the use of potassium ferrocyanide (Perls reagent) in
e vibrational band at 590 cm�1, corresponding to the Fe–O stretching,
onding to Si–O–Fe stretching in the surface silanized nanoparticles.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00251h


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 1
:3

2:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the presence of NPs yields a blue, insoluble, iron complex.
Therefore, the Perls reagent would interact with the Fe3O4 NPs
present in the secondary antibody conjugate coupled in the
plate. For this, 100.0 mL of the solution was added to each well
and incubated for 30 minutes at room temperature. The blue
color change was visible to the naked eye. In order to make an
accurate determination of the colorimetric change, the intensity
of the color was measured at 450 nm with a Multiskan MCC/
340, Thermo Fisher Scientic.27–29 The data were analyzed
with the Kruskal–Wallis test (P < 0.0001); in addition, a Dunn
multiple comparison test was performed.
Results and discussion
Synthesis and characterization of magnetite nanoparticles

Size. The particle size distribution analysis determined an
average size of 26.9 nm � 8.0, with a monodisperse population,
which was within the range expected for the study (Fig. 1a). It
has been previously reported that magnetic NPs with diameters
between 1 and 100 nm were appropriate for biomedical appli-
cations. In addition, their surface-volume ratio is inversely
proportional to their diameter, so that the lower their volume,
the greater the surface area, compared to macroscopic mate-
rials.14,30–35 Because of this, the nanoparticles may present
a large number of attachment sites on their surface that can be
used for chemical functionalization. In this work, this feature
was used to attach an aminosilane derivative to the NP surface
which was then used for covalently binding the NS1 antibody to
form the magnetic immunoconjugated nanoplatform. The DLS
analysis of the modied NPs (Fig. 1b) indicated that the average
size of the antibody-conjugated NPs was 52.7 nm � 3.0, with
a monodisperse population, still being within the ranges
required for biomedical uses.

Morphology. Analysis by STEM revealed that the unmodied
NPs were nearly spherical and of approximately 12 nm � 4.0
(Fig. 2), which is in agreement with the results obtained by DLS.
Stephen and collaborators (2011) mentioned that magnetic NPs
<20 nm have higher magnetization and remanence equal to
zero (superparamagnetism), this being a useful property and
a desirable characteristic for biomedical applications.13

Chemical modication. The FTIR analysis clearly showed the
characteristic vibrational bands associated with the expected
functional groups on the surface of the material, such as the Fe–
O stretching vibration at 580 cm�1 and their interactions with
water. Likewise, as previous studies have reported, this analysis
Table 1 Quantification of total proteins in supernatants of U937-DC-
SIGN cells

Supernatant
Concentration
mg mL�1

Infected 3544.9
Control 3190.3
Differencea 354.6

a Total protein production and detection of the NS1 protein by SDS-
PAGE.

This journal is © The Royal Society of Chemistry 2020
helped to evaluate the degree of silanization of the nano-
particles. The vibrational band around 1100 cm�1, corre-
sponding to the Si–O–Fe stretching vibration, is indicative of
successful APTMS functionalization of the nanoparticle
surface.21,36 The vibrational spectra are shown in Fig. 3. The
outer shell of the chemically modied Fe3O4 NPs was composed
of silane groups with amine (–NH2) terminations. This func-
tionalization improved the stability for the magnetic NPs in
solution, avoiding agglomeration, since the partial surface
charges of vicinal NPs repel each other.19 In addition, the amino
terminal group gives the NPs the ability to covalently bind the
anti-NS1 antibody by coupling through the end-terminal
carboxyl (–COOH) groups.
NS1 protein production

Quantication of the total protein. It was analyzed by the
Bradford method, in which both the infected supernatant and
Fig. 4 Polyacrylamide gel electrophoresis of supernatants U937-DC-
SIGN. The electrophoretic profile of the supernatants is shown. Lines 1,
2 and 3 correspond to the molecular weight marker (MWM), the
control supernatant and the infected supernatant, respectively.

Nanoscale Adv., 2020, 2, 3017–3026 | 3021
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the control supernatant were analyzed, which showed a total
protein concentration of 3544.9 mg mL�1 and 3190.26 mg mL�1

respectively. The difference between the protein concentrations
of both supernatants was 354.6 mg mL�1, and this value would
correspond to the NS1 protein (Table 1). Therefore, once the
protein content was estimated, the successive tests were carried
out.

The electrophoretic prole of the supernatants of the infec-
ted and control cell line cultures is shown in Fig. 4. A band of
approximately 91 kDa in the infected supernatant was observed
and differs from that of the control prole. This band would
correspond to the NS1 protein dimer. The NS1 protein has an
approximate weight of 48 kDa, but in its native form it exists as
a dimer of approximately 96 kDa. The dimer is the typical
structure of NS1 found in the extracellular medium. Therefore,
the presence of this band corroborated the presence of this
protein in the supernatant, which would be used in our
study.37–39

Then, a densitometry analysis was performed for the 91.6
kDa band, which presented a band density of 3.7%. Considering
the total protein content, the amount of the equivalent protein
was estimated, obtaining a concentration of 131.16 mg mL�1,
which would correspond to the concentration of the NS1
protein present in the supernatant as a dimer.
Fig. 5 Evaluation of the immunoconjugate performance toward the det
change (Perls reaction). (b) Negative result in the absence of the protein. (
immunoconjugate formation; (d) no blue precipitate is generated in the

3022 | Nanoscale Adv., 2020, 2, 3017–3026
Nanoplatform design for the detection of the NS1 protein

System evaluation. The immunodetection of the NS1 protein
of dengue virus was carried out by the formation of the
immunoconjugate, as shown in Fig. 5. A color change, produced
by the reaction of formation of a Prussian blue precipitate, was
observed just in the wells where the protein was present aer it
conjugated to the magnetic nanoplatform. This immunode-
tection is visible because the Perl's reagent contains potassium
ferrocyanide which interacts with the iron(III) ions that are
a part of the chemical composition of the magnetic nano-
particles conjugated to the protein, which are also conjugated to
the immobilized second antibody in the well. The formation of
a ferric ferrocyanide precipitate turns the corresponding well
blue. It was observed that the color intensity was proportional to
the amount of antibody Ab41616 coupled to the NPs, where at
1.41 mg mL�1 the well showed a signicant intensity that was
possible to detect even by the naked eye, as shown in the rst
row of Fig. 5a. Likewise, as is presented in Fig. 5b, in the second
row of the plate no precipitate formed when other antibodies
were used (Anti-Mouse, Goat pAb to Ms IgG (HRP) Ab97023 Lot:
GR45780-7, abcam), which indicates that this system did not
generate complexes when an irrelevant antibody is used even
when the NS1 protein and the NPs were present.
ection of the NS1 protein. (a) Positive result as evidenced by the color
c) Formation of a blue ferric ferrocyanide precipitate as evidence of the
absence of the NS1 protein.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Qualitative evaluation of the reproducibility of the immunodetection assay of the NS1 protein. The triplicates of the assays are presented,
where immunodetection of the protein is observed in all the wells of the infected supernatant. Likewise, there was no change in the pre-infected
supernatant and control wells.
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When the protein is absent, as shown in Fig. 5b, no color
change was observed which suggests that the immunocomplex
nanoplatform-antibody does not interact with the plate in the
absence of recognition of the specic protein, conrming that
no false positives were produced in this test. In addition,
a magnication of the wells of the plate was carried out, to
corroborate the presence of precipitated iron ferrocyanide
deposits as a result from the immunodetection of the virus
protein (Fig. 5c), evidencing the specic wells where the NS1
protein was detected. A magnication in a well where the
irrelevant antibody coupled to the NPs was used showed no
formation of precipitates even when the NS1 protein was
present, reinforcing the detection capabilities of the present
method (Fig. 5d).

Reproducibility of the system. Aer the optimal conditions
for the system were established, the reproducibility of the assay
was assessed. As shown in Fig. 6, the immunodetection of the
NS1 protein of dengue virus was carried out efficiently using the
infected supernatants (tested in triplicate). The characteristic
color change could be observed with the naked eye. In contrast,
in the wells with supernatants of the pre-infected serum and
control, no color change was observed, in agreement with no
false positive production in the system.

Likewise, to obtain a quantitative result, the data obtained
from these tests were analyzed by absorbance measurement at
450 nm. The data obtained in the assays of absorbance
measurements are presented in Table 2. In addition, these data
were plotted according to their absorbance (Fig. 7), where
Table 2 Immunodetection assay data of the NS1 protein in the superna

Test 1 Test 2

1 2 3 1

Supernatant 0.068 0.070 0.067 0.068
Preinfected
Supernatant 0.070 0.070 0.070 0.073
Control
Supernatant 0.128 0.134 0.122 0.123
Infected

This journal is © The Royal Society of Chemistry 2020
a notable difference is observed in the infected supernatants
compared to the controls, with reproducible values. These data
were corroborated by statistical analysis, where the infected
supernatant presents a statistically signicant difference with
a P < 0.0001, as indicated by the Kruskal–Wallis test, on the
control supernatants. In addition, a Dunn multiple comparison
test was performed, in which it was observed that there was
a statistically signicant difference (P < 0.0001) between the
infected supernatant and the pre-infected supernatant. Like-
wise, a statistical difference with a P < 0.01 between the infected
supernatants and control was observed. However, in the case of
the comparison between pre-infected supernatants and control
supernatants, no statistically signicant difference was
observed (P > 0.05), which is because in both cases none of them
presents the protein. The same result was obtained both by
qualitative and quantitative tests. The range of the concentra-
tion of NS1 that this system was able to detect was calculated to
be in the range from 0.415 to 1.24 mg mL�1, considering the
concentration of the Fe3O4 NPs-Ab41616 conjugate used to
detect NS1 (0.47–1.41 mg mL�1).

Finally, in order to determine the affordability of the devel-
oped diagnostic test, the cost of a single test was calculated to be
around one dollar per sample, considering all the involved
expenses (reagents, disposable materials, solvents). This low
cost is affordable and competitive in comparison with that of
other commercially available detection technologies, and
makes this a new method of interest due to its low economic
impact, accelerating the development of rst line diagnostic
tants of U937-DC-SIGN cells

Test 3

2 3 1 2 3

0.070 0.065 0.063 0.069 0.065

0.071 0.069 0.071 0.072 0.073

0.170 0.140 0.158 0.142 0.133

Nanoscale Adv., 2020, 2, 3017–3026 | 3023
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Fig. 7 Reproducibility test of the immunoconjugate system. Absor-
bance of NS1 protein detection assays, where the infected supernatant
presents a statistically significant difference (P < 0.001), as indicated by
the Kruskal–Wallis test.
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kits for the determination of viral infection, with a minimal and
simple experimental setup.40 For example, the gold standard
method for dengue detection is performed in centralized labo-
ratories, using large automated clinical analyzers for nucleic
acids or microarrays. Other methods, regularly, need more or
less complex pre-treatment of the sample in order to concen-
trate, extract or purify the NS1 protein that will be detected. In
addition, commercially available methods require complex and
expensive instrumentation such as electrochemical worksta-
tions, LCR meters, microcentrifuges, uorescence or visible
plate reader spectrophotometers for ELISA tests, or Raman
spectrometers and expensive reagents (uorescent dyes, protein
chromatographic columns, commercial beads or nano-
particles). They are the quite signicant differences with respect
to the diagnostic method reported here. In this sense, the
present colorimetric system could become accessible for
remote, rural and increasingly urban communities and it could
be incorporated into commercial antibody detection kits
avoiding the requirement of highly trained staff, time-
consuming delays, accelerating the acquisition of results and
decreasing the high costs associated with the clinical tests.

Conclusions

In the present work, a novel approach for the detection of
biomolecules associated with viral infection, in this specic
case, the diagnosis of dengue virus infection based on the
colorimetric detection of the NS1 protein using magnetic
nanoparticles conjugated with NS1 antibodies, is presented.
The detection could be evidenced by a simple and cheap, naked
eye perceptible, blue color change produced by the Perl's reac-
tion. The potential of the magnetite nanoconjugates for the
colorimetric detection of the NS1 protein was successfully
evaluated. It was observed that the immunoconjugate was able
3024 | Nanoscale Adv., 2020, 2, 3017–3026
to perform a colorimetric detection of the NS1 protein of
dengue virus, aer magnetic separation from the infected
serum, formation of an immunoconjugate sandwich complex
followed by a color change aer Perl's staining. This colori-
metric system could be applied in remote and rural areas of
cities with limited access to expensive and complex analytical
tools or facilities for dengue diagnosis such as those usually
available at medical laboratories where ELISA tests have
become an everyday analytical method. Future work will focus
on reducing the current limitations of the detection method, as
well as optimizing the sensitivity and discrimination ability
against potential interference. Evaluation of the performance of
this method for the detection of other emerging viral infections
is currently under consideration.
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J. C. Flores-Alonso, S. Merino-Contreras, O. Valenzuela,
J. Hernández and J. Reyes-Leyva, Magnetite nanoparticles
functionalized with a-tocopheryl succinate (a-TOS)
promote selective cervical cancer cell death, J. Nanopart.
Res., 2014, 16(8), 2528.

22 F. Arteaga-Cardona, E. Santillán-Urquiza, P. de la-Presa,
S. Hidalgo-Tobón, P. Umapada, P. Horta-Fraijo,
M. J. Yacaman, J. D. Lozada-Ramı́rez, R. Ivkov, A. Angulo-
Molina, et al., Enhanced Magnetic Properties and MRI
Nanoscale Adv., 2020, 2, 3017–3026 | 3025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00251h


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
25

 1
:3

2:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Performance of Bi-Magnetic Core–shell Nanoparticles, RSC
Adv., 2016, 6(81), 77558–77568.

23 E. Orna and Z. Tsaffrir, Linearization of the Bradford Protein
Assay, J. Visualized Exp., 2010, 38, 1–6.

24 U. K. Laemmli, Cleavage of Structural Proteins during the
Assembly of the Head of Bacteriophage T4, Nature, 1970,
227(5259), 680–685.

25 A. Sassolas, L. J. Blum and B. D. Leca-Bouvier,
Immobilization Strategies to Develop Enzymatic
Biosensors, Biotechnol. Adv., 2012, 30(3), 489–511.

26 C.-W. Yen, H. de Puig, J. Tam, J. Gómez-Márquez, I. Bosch,
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