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This contribution reports a novel “Magnetic Paper — Based ELISA” using core—shell magnetite@polydopamine
nanoparticles supported on a Whatman paper-like new solid immunoassay platform specifically for IgM-
dengue antibodies recognition as the proof-of-concept target for antibodies isotype IgM detection.
Affordable procedures to deposit magnetite nanoparticles on cellulose paper sheets (Whatman type-1 and
ss903) and to conjugate such nanoparticles with anti human-IgM antibodies using polydopamine as linker

are reported. Structural features, magnetic behavior, coating homogeneity, and the nanoparticles/linked
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detection provides a system with improved analytical response (two orders more sensitive with a 700 times

DOI: 10.1039/c6ra25992h lower limit of detection (LOD) than traditional ELISA or using magnetic beads without depositing),
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Introduction

Nowadays, the most used methodology for antigens detection
(e.g., enzymes, proteins, antibodies, and nucleic acids) is the
enzyme linked immunosorbent assay known as ELISA, which
was introduced by Engvall and Perlmann in 1971."* Besides, in
recent years new variants of ELISA as well as blot and western
blot assays with novel solid supports have been widely used. In
this sense, magnetic beads and nanoparticles, mainly magne-
tite, are even patented (US20140212990A1) and commercialized
as a new platform.>* Magnetite nanoparticles (Fe;0,) provide
a solid support with greater surface area, thus increasing the
conjugated biomolecules amount and avidity, and resulting in
improved analytical sensor performance.® In addition, washing
protocols can be automated with magnets.
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1 Electronic supplementary information (ESI) available: XRD powder patterns of
Fe;0, and Fe;0,@PDA nanoparticles; TEM micrographs of PDA nanoparticles;
ATR-FT-IR spectrum of Fe;O,, Fe;0,@PDA and the different capped papers;
TGA analysis of different paper samples; mass magnetization versus applied
magnetic field and ZFC/FC curves for Fe;O, and Fe;O,@PDA powders and
supported on paper W1; SDS-PAGE technique and Bradford assay analysis and
data synthesis characterization of AgNP-based SERS
nanoparticles; microscopic images for capped papers; study of different
blockers for magnetite PDA coated papers; titration in estimating the effective
amount of Fe;0,@PDA-AntilgM for capture as many IgM-dengue and

information; and

quantitative detection of IgM-dengue spiked in human serum samples by
magnetic paper - based ELISA method with Fe;0,@W1-PDA as solid support.
See DOI: 10.1039/c61a25992h

This journal is © The Royal Society of Chemistry 2017

The most common studies are based on a sandwich assay
supported on magnetite micro-beads and superparamagnetic
nanoparticles in: (i) colloidal suspension,® (ii) conventional”
and printed electrodes,®® (iii) thin-film transistor,* (iv) micro-
fluidic system," and (v) automatic portable'> and screening*>**
devices for separation and detection'® of proteins (enzymes,
antibodies mainly type IgG),'® nucleic acid,"” virus,'®*
bacteria,? and cancer biomarkers.>*

The above mentioned devices do not only employ conven-
tional detection systems such as optical,?* fluorescent,” or
electrochemical,* but also new technologies have been intro-
duced for analytical responses based on magnetic**?* and
optical®*** properties of new supports.

However, most of these technologies can be costly and
impractical for the diagnosis of certain endemic and epidemic
diseases in underdeveloped countries, where a considerable
amount of patient samples must be studied.

On the other hand, the most important application of paper
(cellulose material) support of sensors by the scientific
community in recent years has been the development of new
paper-based analytical devices (PAD) including paper-based
colorimetric®* and electrochemical®*** ELISA. This technique
has advantages and disadvantages in terms of sensitivity,
simplicity, and cost-effectiveness. Paper, or cellulose in general,
is attractive for sensing applications for several reasons: (i)
paper is a low-cost, easily available, biodegradable, and light-
weight material; (ii) cellulose fibers can be functionalized; (iii)
the microfiber network morphology increases the surface to
volume ratio and loading capacity; (iv) its porous structure and
hydrophilic character results in remarkable wetting, perme-
ability, and reactivity properties, giving rise to lateral and
capillary-driven flows and hydrophilicity. However, for paper-
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Scheme 1 Representation of the procedures for coating papers and conjugated with anti-human IgM antibodies.

based ELISA assay the sensitivity is currently more than ten
times lower than that of traditional ELISA* due to high back-
ground associated with unspecific biomolecules adsorption.

Furthermore, to our knowledge there is a relative lack of
reports on magnetic-ELISA or, generally speaking, nanoparticles-
based immunoassays for sensing antibodies isotype IgM. Prob-
ably, the huge IgM molecular weight makes it difficult for
coupling efficiency plus steric hindrance adversely affects
recognizing capability. However, numerous traditional IgM
antibodies-capture ELISA (MAC-ELISA) are designed for diag-
nosis of illnesses which have primary specific IgM antibody
responses such as for the dengue virus.

In this work, two ways of coating paper (Whatman type-1
(W1; commonly reported in paper-biosensor devices) and
$s903 (commonly used in blood sample collection cards)) were
explored (see Scheme 1):

(i) By first coating papers with Fe;O, nanoparticles, later
growing polydopamine shell (PDA) on the Fe;O,-paper surface
(Fe;0,@paper-PDA), and finally coupling AntilgM antibodies
(Fe;0,@paper-PDA-AntilgM);

(ii) By using core-shell Fe;0,@PDA nanoparticles previously
synthesized and then deposited on a paper surface (Fe;0,@-
PDA-paper) on which AntilgM antibodies are immobilized
(Fe30,@PDA-paper-AntilgM).

The synergy between the advantages of components provides
a versatile product. The effects of different parameters like
structural features, magnetic behavior, coating homogeneity,
and the nanoparticles/linked antibodies ratio were explored. As
far as we know, this is the first attempt to develop “Magnetic
Paper - Based ELISA” as a new solid immunoassay platform
specifically for IgM-dengue antibodies recognition as a proof-of-
concept target for antibodies isotype IgM.

Materials and methods
Materials

All reagents were purchased from Sigma-Aldrich. The antibody
anti-human IgM (p-chain specific) produced in rabbits, were

4922 | RSC Adv., 2017, 7, 4921-4932

purchased from Sigma-Aldrich cod. SAB3701409. UMELISA
DENGUE IgM PLUS kit was obtained from Immunoassay
Center, Cuba. Used healthy human serum samples were ob-
tained from the authors of this work with our consent, and were
also analyzed with standard confirmatory procedures for
dengue detection (IgM-ELISA, NS;-ELISA, and PCR) to confirm
absence of the illness. Real samples of infected patients were
not analyzed.

Methods

Synthesis of magnetite nanoparticles. Fe;O, nanoparticles
were prepared by a chemical coprecipitation method. FeCls
(3.24 g) was dissolved in 200 mL of 1.2 mM HCI by ultrasound
treatment under a N, atmosphere. Afterward, FeSO,-7H,0 (2.78
g) was added by vigorous stirring. Then, 1.25 M aqueous NaOH
solution (300 mL) (previously deoxygenated) was added drop-
wise under vigorous stirring (100 drops per minute), forming
a black Fe;O, precipitate. After vigorous stirring for another
30 min, the precipitate was magnetically decanted and washed
thoroughly with ultrapure water until the supernatant solution
reached neutrality (pH = 7).

Synthesis of magnetite nanoparticles functionalized with
polydopamine (PDA). For coating with PDA, 200 mg of Fe;0,
were dispersed under continuous stirring and ultrasound
treatment in 10 mL of 3 mg mL ™" of dopamine solution in PBS,
(pH = 8.5) at room temperature, overnight. After that, poly-
dopamine modified nanoparticles (Fe;0,@PDA) were magnet-
ically decanted, washed thoroughly with ultrapure water to
remove the non-reacted dopamine, and further dispersed in 10
mL of water.

Deposition of core-shell Fe;0,@PDA on paper and
conjugated with anti-human IgM antibodies (AntiIlgM)

Two ways for coating paper with Fe;0,@PDA and functional-
ized with AntilgM were studied:

Fe;0,@W1-PDA-AntiIgM and Fe;0,@s5903-PDA-AntilgM.
(1) Deposition of Fe;04 nanoparticles on paper Whatman-type 1

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25992h

Open Access Article. Published on 17 January 2017. Downloaded on 1/23/2026 12:20:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(W1) and Whatman-type ss903 (ss903): (Fe;0,@W1 and
Fe;0,@s5903).

3 mL (57 mg mL ") of Fe;0, dispersion was spread over
aluminium paper. Then, paper W1 (circle diameter of 90 mm)
or ss903 (circle diameter of 10 mm) according to the case, were
immersed into the “magnetic ink” and covered with another
piece of aluminium paper. Then, the sandwich was rolled with
a “rolling pin” to homogenize the magnetite on paper. After
that, the magnetite coated papers were kept in horizontal
arrangement during drying under N, flow to avoid a gradient of
concentration along the paper.

(2) Coating Fe;0,@W1 and Fe;0,@ss903 with PDA.

Fe;0,@W1 and Fe;0,@ss903 were submerged in 3 mg mL ™"
of dopamine solution in PBS, (pH = 8.5) under stirring at room
temperature overnight. The reaction was stopped by washing
(three times) in a deionized water pool.

(3) Circular fragments of paper (Fe;O,@paper-PDA and
Fe;0,@PDA-paper), with diameters of 5 mm made with a paper
punching machine, were deposited in pristine microwells with
ninety-six-well plates coupled to a magnet for washing steps.
Afterward, 0.02 mL anti-human IgM (1 mg mL ") in PBS (pH =
7.4) was dispensed and incubated for 3 hours at 37 °C and kept
at 4 °C overnight. After magnetically decanting and washing (4
times) thoroughly with 0.03 mL of washing solution (tampon
Tris-NaCl-Tween 20) to remove non-reacted anti human-IgM,
the pieces of paper were treated with blocking buffer (dry
milk 5% in PBS pH = 7.4) for 4 h at 37 °C, washed as described
above, and stored at 4 °C.

Fe;0,@PDA-W1-AntiIgM and Fe;0,@PDA-ss903-AntilgM. 2
mL (45 mg mL™") of Fe;0,@PDA were sonicated for 5 minutes.
Then, paper W1 or ss903 (circle diameters of 20 mm) were
introduced into the viscous suspension and then continued
under sonication for another 15 minutes. Also, the slices of
Fe;0,@PDA-W1 and Fe;0,@PDA-ss903 were dried under a N,
flow. For coupling AntilgM antibodies step 3 was followed.

Characterization

The magnetite nanoparticle size distribution, morphologies,
and polydopamine shell thickness of coated nanoparticles
were analyzed by high resolution transmission electron
microscopy (HRTEM JEM-2100), with an accelerating voltage
of 200 kv. The covered papers with magnetite were studied
using Scanning Electron Microscopy (SEM JSM 7800-JEOL)
working at 15.0 kV with a LED detector. X-ray diffraction (XRD)
patterns of Fe;O, and Fe;O,@PDA were recorded on a D8
Advance (from Bruker) X-ray diffractometer with a rotating
anode X-ray generator using 10 to 90°/2¢ and Cu Ko radiation
(40 kv, 20 mA).

Different systems were characterized using Fourier Trans-
form Infrared spectroscopy (PerkinElmer spectrometer Frontier
coupled to an Attenuated Total Reflectance (ATR) accessory).
Thermogravimetric (TG) analyses were performed with High
Resolution TGA Q5000 IR equipment at heating rates of 10 °C
min~' under a continuous nitrogen flow. The magnetic
behavior of Fe;0,4, Fe;0,@PDA, and magnetite nanoparticles on

a paper surface was investigated by superconducting

This journal is © The Royal Society of Chemistry 2017
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interference device magnetometry with MPMS (Quantum
Design). Zero-field-cooled (ZFC) and field-cooled (FC) magneti-
zations were recorded as a function of temperature in the
presence of 50 Oe field after cooling the sample in the absence
(ZFC) or in the presence (FC) of the same probe field.

The amounts of anti-human IgM and IgM-dengue conju-
gated on Fe;0,@PDA were analyzed by Bradford assay and SDS
gel electrophoresis. For Bradford assay, a reference solution was
prepared with exactly the initial antibody concentration and
media conditions (pH, ionic strength) and BSA was used as
a protein standard (successive dilutions 1:2 from 0.5 mg
mL ™). SDS gel electrophoresis was performed as described by
Laemmli using a 12.5% polyacrylamide gel (SDS-PAGE) and
detection by staining with Coomassie blue.*

The homogeneity of Fe;0,@PDA-AntilgM deposited on
a paper surface was studied using Raman spectroscopy.
Different regions of coating paper surface were scanned with
a Thermo Scientific DXR Raman Microscope. During these
measurements, a 20 x objective (N/A 0.25) and a solid-state laser
at 532 nm (1.0 mW) as the excitation source were used for
mapping different spots on the surfaces (2 s of exposure time
and 20 scans for each recorded spectrum). Fluorescence spectra
were recorded on an Edinburgh FS5 spectrofluorometer.

ELISA for IgM-dengue detection

Traditional methodology. Ninety-six-well microtiter plates
were coated with 0.02 mL anti-human IgM (1 mg mL ') in
coating buffer (pH 9.6) at 4 °C overnight and treated with
blocking buffer (dry milk 5% in PBS pH = 7.4) for 2 h at 37 °C.
Afterward, negative and positive controls of IgM-dengue (0.02
mL, 4.5 mg mL ') were captured by anti-u chain specific IgM
antibodies anchored onto microplates. Then, unlinked
components were eliminated by washing; 0.01 mL of four
serotypes dengue-specific antigens solutions was added to be
captured by IgM-dengue antibodies. Once unlinked antigens
were removed, 0.01 mL of biotinylated anti-dengue antigens
monoclonal antibodies solution was added. After another
washing step, 0.01 mL of streptavidin-alkaline phosphatase
conjugated was added to establish whether immunological
chains had taken place. The immune-complex was then
revealed by adding 0.02 mL of 4-methylumbeliferil phosphate
solution. After 10 min of incubation, 0.01 mL of hydrolysed
substrate was removed from the plate and diluted in 2.5 mL of
PBS 1x (pH = 7.4). The fluorescence spectra were measured in
a spectrofluorometer with the excitation maximum at 360 nm
and emission maximum at 450 nm.

A calibration curve was measured to determine analytical
performance. Different concentrations of IgM-dengue were
employed and followed as described in the above protocol.

“Magnetic-ELISA” on Fe;0,@PDA colloidal suspension.
40 mg of Fe;0,@PDA was dispersed in 1 mg mL ™" anti-human
IgM solution (1 mL, PBS pH = 7.4) for 3 hours under agitation at
37 °C and kept at 4 °C overnight. The Fe;O,@PDA-AntilgM
dispersion were magnetically decanted and washed (4 times)
thoroughly with 1 mL of washing solution (tampon Tris-NaCl-
Tween 20) to remove the non-reacted anti human-IgM, and then

RSC Adv., 2017, 7, 4921-4932 | 4923
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re-dispersed in PBS (pH = 7.4) at 10 mg mL ™" and kept at 4 °C
until use.

Different aliquots of Fe;0,@PDA-AntilgM (10 mg mL™ ")
corresponding to 0.1, 0.3, 0.5, and 1 mg of magnetic core were
dispensed in pristine microwells. A ninety-six-well plate was
coupled to a magnet for washing steps. Afterward, Fe;0,@PDA-
AntilgM was magnetically decanted and 0.02 mL of blocking
solution (dry milk 5% in PBS pH = 7.4) was added for 4 h at
37 °C to avoid unspecific proteins adsorption on magnetite
nanoparticles. Subsequent steps are the same described for
traditional methodology.

“Magnetic paper-based ELISA” blocking study. 5 mm of
different magnetite-PDA coated papers (Fe;0,@W1-PDA,
Fe;0,@s5903-PDA, Fe;0,@PDA-W1, Fe;0,@PDA-ss903) and
pristine papers (W1 and ss903) were treated with traditional
blockers in PBS (pH = 7.4): BSA (3%), bovine serum (20%) and
milk (5%) for 4 hours at 37 °C. After a washing step,
streptavidin-alkaline phosphatase (S-AP) was added and incu-
bated for 30 minutes. Also, the systems without blockers were
treated with S-AP for 30 minutes and 4 hours, respectively.

“Magnetic paper-based ELISA” on Fe;O,@paper-PDA-
AntilgM and Fe;0,@PDA-paper-AntilgM. Depending on the
number of samples to be processed, functionalized paper
sheets of Fe;O,@paper-PDA-AntilgM and Fe;O,@PDA-paper-
AntilgM (with W1 and ss903 papers) were sliced with a paper
punch. Circular fragments (5 mm in diameter) were used as the
solid support for the ELISA assay described above and magnets
were used for the washing steps. The hydrolysed substrate was
removed from the plate's microwells containing nanoparticle-
paper used as ELISA substrate.

“Magnetic paper-based ELISA” using Fe;0,@W1-PDA as
solid support. Blocked Fe;0,@W1-PDA-AntiIlgM pieces of paper
(5 mm diameter) were incubated with different concentrations
of IgM-dengue antibodies solution (from 0 to 100 pg mL™ ") in
PBS (pH = 7.4) and compared with a standard assay and 0.1 mg
of Fe;0,@PDA nanoparticles. For recovery analysis, 5 uL of
healthy serum sample was diluted in 100 pL of bovine serum
solution and spiked with IgM-dengue concentrations from 0 to
1 pug mL™'. This range of concentration corresponds with
results of the calibration curve.

Results and discussion

Characterization of Fe;0, nanoparticles, Fe;0,@PDA
nanoparticles, and core-shell Fe;0,@PDA deposited on paper
Fe;0, nanoparticles were synthesized by coprecipitation of Fe**/
Fe** ions in alkali media and then capped with polydopamine
film through the spontaneous oxygen-mediated self-
polymerization of dopamine (DA) in PBS (pH 8.5).

Under reported conditions the PDA in magnetite dispersion
gradually changed from colorless to yellow and pink, which
endorsed the deposition processes. However, during dopamine
polymerization on magnetite coated paper it is also worth
noting the black precipitation at the bottom of the vessel, sug-
gesting two competitive processes: PDA aggregation in solution
and PDA deposition on substrate.

4924 | RSC Adv., 2017, 7, 4921-4932
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TEM micrographs showed magnetite nanoparticles with
pseudo spherical shapes and average diameter of 10 + 2 nm
(Fig. 1a). For core-shell Fe;0,@PDA the analysis revealed that
Fe;0, nanoparticles were efficiently coated with a polymeric
material of thickness 2.2 + 0.7 nm (Fig. 1b). Polydopamine
aggregates were not observed in TEM images.

XRD pattern peaks can be indexed into a spinel cubic
structure (fcc) according to the crystalline nature of Fe;O,
(JCPDS 87-0245) with a lattice parameter of 0.8391 nm, which is
practically coincident with the reported parameter in the liter-
ature (0.8396 nm) for the magnetite phase. The presence of
broad peaks indicated the ultrafine nature and small crystallite
size of the nanoparticles, which was calculated through the
Debye-Scherrer equation by using the full-width at half
maximum (FWHM) value of the (311) plane, which results in
13 nm crystals. A similar XRD pattern was observed for core-
shell Fe;0,@PDA nanoparticles, suggesting that the crystalline
structure of the nanomaterial was not affected by coating with
the polymer film. On the other hand, an amorphous component
was observed at lower pattern angles due to polymer contribu-
tion (see ESI, Fig. S17).

For coated paper with Fe;O,, SEM micrographs showed that
cellulose paper was covered by agglomerates of nanoparticles
surrounding each of them (Fig. 2a and b). Also, during the
polydopamine polymerization on magnetite-paper systems by
using strategy (i) (see Scheme 1), the PDA deposition on
magnetite was followed by an agglomeration-deposition
process. SEM images (Fig. 2c and d) revealed PDA nano-
particles covering the magnetite-paper surfaces. Such nano-
particles have spherical shapes, with tendency to form
aggregates each other and with an individual average of 81 +
11 nm diameter, according to TEM image (see ESI, Fig. S27).

For core-shell Fe;O,@PDA synthesis, the ratio between
magnetite nanoparticles and dopamine amount results in an
elevated deposition rate of the PDA on magnetic substrate,
whereas the aggregation rate in solution might retain a rela-
tively low level. On the other hand, in PDA deposition on
magnetite-paper composites, the further increase in the
dopamine/substrate rate dramatically reduces dopamine mean
free path, which substantially accelerates the aggregation rate
in solution against the deposition rate on substrate.

According to SEM images, another interesting observation is
that cellulose fibers of paper type ss903 have random orienta-
tion and larger pore-channels than paper W1. Besides, magne-
tite deposition and PDA aggregates were obtained as the W1
paper (Fig. 2e and f).

In the case of strategy (ii) for Fe;0,@PDA-paper systems (see
Scheme 1), aggregates of core-shell Fe;0,@PDA deposited on
paper surfaces (similar to Fe;0,@W1 and Fe;0,@ss903
according to the case) were also observed.

ATR-FT-IR spectra of Fe;0,, Fe;0,@PDA and Fe;0,@PDA on
paper showed a main band at 537 cm™ " assigned to the Fe-O
stretching mode from the magnetite phase. This value is
different from the signal assigned to the same stretching mode
obtained in Fourier transform infrared spectroscopy (FT-IR) in
KBr pellets which is reported around 570 cm™'. Actually,
generally all the bands are redshifted with regard to those

This journal is © The Royal Society of Chemistry 2017
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Fig.1 TEM micrographs of (a) magnetite nanoparticles with size distribution at the bottom and (b) core—shell Fez0,@PDA nanoparticles with

thickness distribution at the bottom.

obtained in the KBr pattern. In ATR-FT-IR, parameters such as
wavelength of the incident IR radiation, refractive index of the
crystal and the sample, light dispersion, and the separation
between the crystal and sample could slightly modulate the
measured spectrum.

For the core-shell Fe;O,@PDA, additional bands in the
range of 1600-1482 cm ' (vc—c, aromatic of polydopamine),
1256 cm™ ' (ven), 1027 (vc-o), and 801 cm™ ' (yc_y, aromatic of
polydopamine or yy_y) were obtained. In addition, the different
capped paper samples: Fe;0,@W1-PDA, Fe;0,@s5903-PDA,
Fe;0,@PDA-W1, and Fe;0,@PDA-ss903 showed characteristic
bands corresponding to the Fe-O stretching mode of magnetite,
aromatic stretching mode of polydopamine shell, and an
intensive band associated with vc o of cellulose (see ESI,
Fig. S37).

Thermal stability of the investigated samples and the
amount of magnetite nanoparticles on paper were determined
using TGA analysis (see ESI, Fig. S4t). Residue after the
thermal degradation of coated paper allowed determining the
mass of magnetite contained in the different papers (see ESI,
Table S1f). In that sense, the amount of magnetite for
Fe;0,@W1-PDA, Fe;0,@ss903-PDA, Fe;0,@PDA-W1, and
Fe;0,@PDA-ss903 were 0.13, 0.35, 0.25, and 0.17 mg, respec-
tively. Another interesting result is that the decomposition
temperature of organic PDA covering magnetite was consid-
erably lower than that for the black precipitate of PDA aggre-
gates. Also, the values for the decomposition temperature of
pristine papers are slightly higher than that for papers covered
with magnetite. In all cases, the iron oxide performs as
a catalyst leading to paper thermal decomposition processes
which encourages mandatory incineration after its use in
a biological assay.

The magnetic responses as a function of applied magnetic
field at 5 K and 300 K, both as powder and supported on paper
W1 of pristine magnetite nanoparticles and capping with

This journal is © The Royal Society of Chemistry 2017

polydopamine, were recorded (see ESI, Fig. S5at). Table 1
summarizes the relevant magnetic properties for the samples
under study.

Fig.2 SEM micrographs of (a and b) Fezs0,@W1, (c and d) Fes0,@W1-
PDA, (e and f) Fes04@ss903.
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Table 1 Relevant magnetic properties of samples®
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Mg* (emu g™ %) M* (emu g™) H, (Oe) Xi (emu goe ™)
5K 300 K 5K 300 K 5K 300 K 300 K
Fe;0, 81.3 72.7 19.1 2.8 259 22.4 0.100
Fe;0,@PDA 68.0 59.7 15.5 2.8 302 24.6 0.080
Fe;0,@W1 2.7 2.11 0.6 0.1 329 25.3 0.003
Fe;0,@W1-PDA 11.3 9.7 2.8 0.47 347 25.3 0.015

“ *Determined with organic content correction in accordance with TGA analysis.

At room temperature, Fe;O, nanoparticles exhibited super-
paramagnetic behavior with magnetic saturation 72 emu g™/,
lower than the bulk magnetite value of 90 emu g™ . In this case,
the saturation magnetization can be affected by several features
and the magnetostatic interaction responsible for the agglom-
eration of magnetite particles.

On the other hand, core-shell Fe;O,@PDA presents lower
saturation magnetization than pristine magnetite nano-
particles, probably due to the surface spin disorder layer. An
interesting result is that the aforementioned magnitude for
Fe;0,@W1-PDA is noticeably higher than the uncovered one.
The surfaces of pristine magnetite nanoparticles scattered on
the paper are likely susceptible to oxidation during time in
atmospheric conditions, leading to the saturation magnetiza-
tion decrease. Nevertheless, the polydopamine covering shields
the magnetite-paper surface by acting as an oxygen scavenger.

The almost immeasurable coercivity (H.) and remanence
(M;) at room temperature indicate that the samples behave as
a superparamagnetic single domain of individual nano-
particles. The initial linear behavior of the magnetization when
the external magnetic field is increased from zero was used to
calculate the initial magnetic susceptibility (x;). This magnitude
reflects the effective anisotropy barrier of a material. A larger x;
value indicates particles that more easily interact magnetically.
Comparing their relative x; values reveals that a greater level of
interparticle interactions occurs between the pristine magnetite
nanoparticles relative to others.*® The behavior of ZFC/FC
curves (see ESI, Fig. S5bf) at reported conditions for all
samples indicate magnetic interactions and a blocking
temperature near to 300 K. For pristine magnetite nano-
particles, TEM images reinforce this assumption; the nano-
particles tend to agglomerate in the absence of a capping agent,
provoking the onset of magnetic interactions. For core-shell
Fe;0,@PDA supported on papers, which are a concentrated
granular system, the existing phenomenon could be explained
by taking in account that the magnetic clusters are connected
with each other, forming macroscopic ensembles with dipolar
interaction following ferrimagnetic behaviors. Extrapolation of
the linear part in the graph of the FC inverse susceptibility x
versus temperature, in accordance to the Curie-Weiss law, gives
negative values of the ordering Curie temperature for all
samples. This suggests a transition from antiferromagnetic to
ferrimagnetic order.
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According to the magnetic behavior result, for practical
purposes for which the system was designed, the most impor-
tant issue is to guarantee the magnetic response for washing-
separation protocols allowing the handling of multiple
samples at the same time. In addition, analysis of the magnetic
behavior of the magnetite-paper system could be useful for
future studies in developing other biosensors based on
a superconducting quantum interference device (SQUID), giant
magneto resistive sensor chip, or magnetic resonance
detection.

Antibodies conjugation

One of the most effective and versatile strategies for
biomolecules-nanoparticles coupling is the reaction via Schiff
bases formation and/or Michael addition adducts of biomole-
cules amino groups and quinone groups on polydopamine
modified surfaces.>”**

Furthermore, the amount of antibodies conjugated on
nanoparticle surfaces is critical for their recognition capability.
In this case, the amount of AntiIlgM (IgG isotype antibody) and
IgM-dengue antibodies conjugated on core-shell Fe;0,@PDA
nanoparticles and coated papers surfaces were determined by
combining the reductive SDS-PAGE technique and Bradford
assay (see ESI S6 for analysis details and Table S2 for data
informationt).

For AntilgM antibodies, the difference between the amount
determined by using the Bradford method and that obtained
through the SDS-PAGE technique corresponds to the amount of
antibodies covalently linked to nanoparticle surfaces. For IgM-
dengue quantification, the total amount of such antibodies on
magnetite-paper systems is able to be determined.

According to the Bradford method, coated paper type ss903
systems exhibit a higher amount of AntilgM antibodies conju-
gated, and hence IgM-dengue, than W1. Additionally, the
suspension of 1 mg of Fe;0,@PDA nanoparticles presents the
highest amount of conjugated antibodies. The total coupling
yield of AntiIgM per milligram of Fe;O, core functionalized with
PDA in suspension or deposited on papers W1 and ss903 was
100%, of which more than 90% of antibodies were covalently
linked. According to the SDS-PAGE technique, an important
observation is the non-negligible unspecific interaction
between antibodies and magnetite coated ss903 papers. In the
case of IgM-dengue, the order in the coupling efficiency (per
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milligram of magnetite) by means of the prevailing contribution
of antigen-antibody interaction was: Fe;O,@PDA-ss903 >
Fe;0,@W1-PDA > Fe;0,@ss903-PDA > Fe,0,@PDA-W1 ~ Fes-
0,@PDA (Nps). The above results are a combination of several
factors: the higher paper surface area with larger pore-channels
and fewer amounts of magnetite-PDA per area, which allows its
suitable dispersion and a higher system capability for anti-
bodies coupling.

One of the most important issues which might affect
biosensor analytical performance is the homogeneity of conju-
gated specific receptors for antigen capture (in our case Anti-
IgM) on the substrates (nanoparticles-paper surface). The
homogeneity of AntilgM capping magnetite-paper systems
(FesO,@paper-PDA-AntilgM and Fe;0,@PDA-paper-AntilgM,
papers type W1 and ss903) was determined by mapping the
surfaces with Raman spectroscopy. However, magnetite nano-
particles are very sensitive to high Raman power lasers due to
partial oxidation. Moreover, the Raman spectrum of AntilgM
antibodies is not sufficiently noteworthy to allow its detection.

On the other hand, the highly sensitive Surface Enhanced
Raman Scattering (SERS) by using metal nanoparticles,
encourages its broad utilization in biomolecule recognition.

In that sense, silver nanoparticles (26 = 12 nm diameter)
were synthesized by using the Turkevich method. A Raman tag
(5,5'-dithio-bis(2-nitro-benzoic acid), DTNB) was associated to
AgNP surfaces providing strong Raman signals enhanced
through SERS phenomenon, while the attached AntiIgM allows
specific recognition of IgM-dengue (AgNP-DTNB-AntilgM) (see
ESI S7 for synthesis and characterization detailst). Different
paper systems functionalized with AntilgM were incubated with
IgM-dengue antibodies under described conditions in the
Method section (BSA was used as negative control). After that,
AgNP-DTNB-AntilgM was added to be captured for IgM-dengue
immobilized on magnetite-paper surfaces.

Similar intensity values of spectra collected in different spots
on the surface suggest homogenous disposition of IgM-dengue
and hence AntilgM on the substrate. Fig. 3 shows Raman
spectra for Fe;O0,@W1-PDA-AntilgM-IgM and Fe;0,@ss903-
PDA-AntilgM-IgM after being incubated with AgNP-DTNB-
AntilgM. According to the recorded spectra, Fe;0,@W1-PDA-
AntilgM presents similar Raman signals for different test
spots and low background, suggesting favorable homogeneity
of the antibodies covering the surface. As SEM micrographs and
the images of microscope-coupled Raman spectrometer showed
(see ESI, Fig. S8t), magnetite and polydopamine nanoparticles
are spread on well coated Fe;0,@W1-PDA surfaces leading to
the desired result. On the other hand, the analogous system
with paper type-ss903 exhibited quite different spectra recov-
ered in several spots, thus confirming non-homogenous
covering.

As the SEM image showed, paper type-ss903 has wide and
random cellulose channels leading to uncontrolled magnetite
deposition and unspecific proteins retention as confirmed by
SDS-PAGE. For the system Fe;O,@PDA-paper-AntilgM-IgM, the
results were similar to the one obtained for Fe;O0,@ss903-PDA-
AntilgM-IgM.
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In this case, as a first stage in the construction of the
magnetite-paper device, Fe;0,@PDA is disposed on a paper
surface under ultrasound treatment to obtain “appropriate
deposition”. Cellulose paper is mainly composed of a homo-
polymer of (1-4)-B-glucopyranose linked through acetal bonds
and forming long B-1,4-glucan chains. The hydroxyl groups of
these chains make the paper hydrophilic with a negative charge.
As a result, paper can only adsorb cationic molecules while
polydopamine molecules at neutral pH are negatively charged
due to deprotonation of the phenolic group.*” The incompati-
bility between Fe;0,@PDA dispersion and cellulose paper is
unfavorable for the adherence of these two materials and the
core-shell layer on paper is non-homogenous and hence, also
the antibodies deposition (see ESI, Fig. S87).

Summarizing, according to Raman experiments the
Fe;0,@W1-PDA-AntilgM was the system with suitable homo-
geneity of AntilgM antibodies covering the surface.

“Magnetic Paper - Based ELISA” performance

The described commercial standard UMELISA Dengue IgM Plus
assay was slightly modified by using Fe;O, nanoparticles
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deposited on papers as solid phase instead of using microwells.
The effectiveness of a blocking step should be taken into
account to achieve suitable results. In this sense, the different
magnetite-PDA coated papers and pristine papers were treated
with traditional blockers and, after a washing step, streptavidin-
alkaline phosphatase (S-AP) was added. In addition, the systems
without blockers were treated with S-AP to confirm whether
protein adsorption had taken place. The pristine papers with S-
AP have negligible fluorescence intensities (see ESI, Fig. S9t).
This result indicates poor protein adsorption (even at 4 hours)
on cellulose, confirming the necessary presence of magnetite
nanoparticles as a requirement for protein capture, allowing
a suitable ELISA performance. Also, magnetite-PDA coated
ss903 papers exhibited higher protein conjugation than paper
type W1, confirming the highest loading protein capability.
Finally, milk solution was the most efficient blocker used to
diminish unspecific protein adsorption on magnetite nano-
particles and cellulose channels, which allows low fluorescence
background.

For the “Magnetic Paper — Based ELISA” the higher the
amount of conjugated IgM-dengue, with a suitable spatial
conformation for dengue antigen recognition, the higher the
fluorescence intensity. Therefore, high fluorescence intensity
will correspond to a better efficacy for the solid support (NPs or
magnetite-papers systems) for IgM-dengue capture.

As a first step, a titration was performed in order to estimate
the effective amount of Fe;0,@PDA-AntiIgM in suspension for
capturing as many IgM-dengue antibodies (see ESI, Fig. S107).
For this purpose, different amounts (in the range from 0.1 mg to
1 mg) of magnetite core further functionalized with PDA were
tested in ELISA micro-well containers. A plateau for IgM-dengue
capture in the magnetic-ELISA performance was obtained for
1 mg of magnetite reaching the saturation response. However,
this amount is handled in micro-well plates with magnets,
which is very awkward, provoking handling mass losses and
undesired analytical effects. In this sense, a pragmatic and
effortless system with good analytical performance by using
magnetic paper-based ELISA principles is proposed. Therefore,
a small amount of particles can be deposited on paper, and
working with it without loss from operator handling, thus
improving analytical response.

Fig. 4 shows fluorescence emission intensities for the
different paper-based systems. In addition, for a comprehensive
analysis and according to the magnetite composition of
different coated papers, the fluorescence intensities for Fe,-
0,@PDA nanoparticles in suspension with magnetite core
amounts of 0.1 mg and 0.3 mg as reference were determined. At
this point, pristine ss903 and W1 papers were not taken into
account as a ELISA solid support due to their unfeasibility for
protein retention, as was confirmed in the blocking study.

As observed in Fig. 4, the system Fe;0,@ss903-PDA shows
the highest fluorescence intensity followed by Fe;0,@W1-PDA
composite. Additionally, for both cases, higher intensities
were obtained than nanoparticles in suspension by using
similar magnetite amounts (0.3 and 0.1 mg, according to the
case). Many factors could be influencing the results. First,
Fe;0,@ss903-PDA presents a higher amount of coupled
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Fig.4 UMELISA DENGUE IgM PLUS assays for different solid supports:
(1) traditional ELISA micro-wells, (2 and 3) FesO4@PDA with 0.1 and
0.3 mg respectively, of magnetite core, (4) Fes0,@W1-PDA, (5) Fes-
04@PDA-W1, (6) Fez04@ss903-PDA, and (7) Fezs0,@PDA-ss903. The
positive control is IgM-dengue and the negative control BSA solution.
The amount of IgM-dengue antibodies used as positive control was
0.09 mg, which corresponds with the cut-off value established in the
commercial traditional ELISA. The red spots were obtained by sub-
tracting the positive control spectra to the negative control spectra (3
replicates were measured for each case).

AntilgM and IgM-dengue with lower magnetite nanoparticles
quantity, which could lead to suitable antibodies capability.

However, according to the SDS-PAGE Raman experiments
and blocking study, the Fe;O0,@ss903-PDA system exhibited
noticeable unspecific interactions with proteins and non-
homogenous disposition of the antibodies on magnetite-paper
surface.

These observations explain the non-negligible background
(particularly noticeable for coated paper ss903), the highest
standard deviation value, and consequently low reproducibility.
On the contrary, the analogue system using paper type W1,
presents a slight fluorescence background with appropriate
standard deviation due to paper features and homogenous
antibodies covering.

In the cases of Fe;0,@PDA-W1 and Fe;0,@PDA-ss903, these
composites display higher background and hence lower final
fluorescence intensities even compared with Fe;O,@PDA in
suspension. As was already explained, Fe;O,@PDA-paper-
AntilgM-IgM presented non-homogeneous nanoparticles and
antibodies covering on papers, which dramatically attend the
magnetic paper-based ELISA performance.

In order to demonstrate the analytical improvement of
Fe;0,@W1-PDA as a new platform for dengue recognition,
a sandwich immunoassay for measuring different IgM-dengue
concentrations was performed. Fig. 5b-d shows the corre-
sponding calibration curves. Good linearity of the calibration

curves was obtained for Fe;O,@PDA nanoparticles in
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suspension (0.1 mg) (Fig. 5¢) and standard ELISA (Fig. 5d) in the
concentration range from 20 to 100 pg mL ™" with almost equal
sensitivities (interpreted as the calibration curve slope).
However, Fe;0,@W1-PDA (Fig. 5b) shows good linearity of the
calibration curve in a range of 0.03 to 1 ug mL™" with 100 times
more sensitivity and 700 times lower limit of detection (S/N = 3)
than traditional ELISA or using magnetic beads without
depositing on paper to detect IgM-dengue antibodies.

The analytical performance of Fe;0,@W1-PDA compared
with Fe;0,@PDA nanoparticles in suspension and traditional
ELISA is in complete correspondence with the amount of
coupled AntiIgM. The AntilgM amount for 5 mm of Fe;O,@W1-
PDA paper (0.1 mg of magnetic core) was 2.3 pg; for Fe;0,@PDA
Nps (0.1 mg of magnetic core) it was 1.8 pg; and for the ELISA
method it was under Bradford limit of detection (see ESI Table
S2+t).

This result is in agreement with the higher surface area of
Fe;O,@paper-PDA than pristine paper with noticeable loading
capacity due to its porous structure and hydrophilic channels.

To validate the analytical accuracy of the developed magnetic
paper - based ELISA method by using Fe;0,@W1-PDA as solid

Table 2 Detection of IgM-dengue spiked in human serum samples by
magnetic paper — based ELISA method with Fez0,@W1-PDA (n = 3)

Added IgM-dengue Found IgM-dengue Recovery
Samples (ng mL ™Y (ng mL™) (%)
1 0.4 0.38 £ 0.02 95+ 7
2 0.6 0.59 £ 0.03 9 +7
3 0.8 0.82 £ 0.05 102 + 8
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(a) Analytical response and calibration curves for (b) Fes04,@W1-PDA, (c) Fes0,@PDA 0.1 mg, and (d) standard ELISA.

support for detection of real samples, healthy human serum
samples were spiked with different concentrations of control
IgM-dengue. As Table 2 shows, the recoveries of the spiked
human IgM-dengue ranged from 95% to 102%. The satisfactory
recoveries of very low concentrations of IgM-dengue indicate
that such a method has good specificity and is applicable to the
quantification of IgM-dengue antibodies in complex biological
samples. Also, it is very important to remark that the LOD of
magnetic paper - based ELISA method in real samples, 0.04 pg
mL ™!, is 500 times lower than the threshold concentration for
clinical IgM-dengue diagnosis with traditional ELISA (20 pg
mL ") (see ESI, Fig. $117).

Approximately, more than 50 commercial MAC-ELISA Kkits
are available for IgM-dengue detection. In almost all cases the
analytical parameters (sensitivity, specificity, false positives,
and cross reactivity) are based on statistical studies of a pop-
ulation of a huge amount of patient serum samples*** and not
in terms of traditional calibration curves, linear range, sensi-
tivity interpreted as the slope, limit of detection, serum dilu-
tions, accuracy from recovery data, and cross-reactivity by using
standard antigens.

In addition, despite the fact that there are enormous
amounts of commercial MAC-ELISA Kits, there is a lack of
reports about nanomaterial-based immunoassays and biosen-
sors for IgM detection. Thus, a comparative study between the
magnetic-paper-based ELISA reported in this study with other
methods mentioned above could be disappointing. Table 3
shows some limit of detections (LODs) of immunoassays and
biosensors designed for IgM antibodies detection. Generally,
the system proposed in this work presented a lower LOD with
specific IgM-dengue detection than the others. It is important to
point out that during the early stages of dengue infection, virus
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Table 3 Comparison of the analytical performance of some designs for IgM detection

Antibodies Limit of detection (LOD)

Design

IgM non specific 150 ng mL~" (in buffer)

10 times lower than the chemiluminescent
MAC-ELISA and 100 times lower than the
colorimetric MAC-ELISA.

Dilution 10° of strong positive serum

0.1 ng mL~" (in buffer)

IgM-dengue

IgM non specific

IgM non specific
IgM-dengue

70 ng (in buffer)

IgM-dengue
1:10 000 of positive control. 700 times lower
than fluorescent MAC-ELISA

isolation, and nucleic acid or dengue NS1 antigen detection are
the leading methodologies for diagnosis.*®* Nevertheless,
considering the possible massive amount of infected patients,
commercial MAC-ELISAs is the inexpensive chosen method for
IgM-dengue antibodies diagnosis in a first-time infection, five
or more days after the onset of illness.*

However, at this time the infection could be rapidly
spreading in a population area triggering hazardous epidemi-
ologic implications. In this sense, taking in account the
analytical performance of the developed method in this work, it
has potential application for IgM-dengue diagnosis during
earlier stages of the disease, thus minimizing infection
implications.

However, all reported MAC-ELISA for IgM-dengue detection,
including the traditional protocol used in this work, could
present inherent false-positive results due to cross-reactivity
with other flaviviruses such as Malaria, Leptospirosis, West
Nile virus, Zika, Chikungunya, and others.*®

Nevertheless, just cross-reacting studies with co-circulating
flavivirus antibodies could confirm if the proposed applica-
tion could be or not be possible. Also, this mainly depends on
the specificity of the particular commercial MAC-ELISA sup-
ported on magnetic paper. IgM tests can be useful for surveil-
lance and support diagnosis of dengue infection in conjunction
with clinical symptoms, a patient's past medical history, recent
travel history, vaccination record, other epidemiologic infor-
mation, and combining laboratory confirmatory tests.

Summarizing, Fe;0,@W1-PDA as new solid support for IgM-
dengue antibodies detection provided a system with improved
analytical response (sensibility, limit of detection, accuracy, and
background), low cost, easy manufacturing, and effortless and
easy handling.

The requirements for using magnetite-PDA coated paper for
a suitable magnetic-ELISA performance are endorsed for several
key aspects: (i) the negligible effectiveness of pristine W1 and
$s903 papers for an effective protein coupling; (ii) the high
contact surface area of magnetite nanoparticles increasing the
amount of coupled antibodies; (iii) the proven efficacy of poly-
dopamine as an antibodies linker without losing their
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Dilution 10-100% of strong positive control serum

40 ng mL ™" (in serum) 0.8 ng (in serum) dilution

Surface plasmon resonance (SPR) sensor on
Fe;0,~AuNR substrate®®
Chemiluminescent optical fiber immunosensor (OFIS)**

Multiarray optical nanochip based on (LSPR)-bioanalysis
method for screening bimolecular interactions™

Magnetic solid phase enzyme-immunoassay>>

SPR direct immunoassay by increasing in resonance angle,
using gold sensor chip®*

Magnetic paper - based ELISA (this work)

recognition capabilities or the need for using coupling agents;
(iv) the washing automated protocols through the use of
magnets allowing multiple samples operation; (v) the use of
small amounts of magnetite nanoparticles on a paper surface
without loss by operator handling; and (vi) the microfiber
network morphology of cellulose paper leading to protein
retention.

Conclusions

Fe;0, nanoparticles were synthesized by coprecipitation of Fe**/
Fe** ions in alkali media and then capped with polydopamine
film through the spontaneous self-polymerization of dopamine.
Two ways for coating paper with Fe;0,@PDA and functional-
ized with AntilgM were considered. Fe;O0,@ss903-PDA pre-
sented a high amount of coupled AntilgM and IgM-dengue with
a lower magnetite nanoparticles amount and also the highest
standard deviation value and consequently low reproducibility
were observed. Fe;0,@W1-PDA exhibited suitable analytical
response with slight fluorescence background and appropriate
standard deviation due to paper features and homogenous
antibodies covering. Fe;0,@PDA-W1 and Fe;O,@ss903-PDA
display higher background and lower final fluorescence inten-
sities due to non-homogeneous Fe;0,@PDA nanoparticles and
antibodies covered papers. According to magnetic-paper based
ELISA performance, the system Fe;0,@W1-PDA is two orders
more sensitive with a 700 times in PBS and 500 times in serum
lower limit of detection than traditional ELISA for IgM-dengue
detection.
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