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A B S T R A C T   

Food allergies have been increasing all over the world. Egg is an important component in the food industries and 
the second most common cause of food allergy, shortly after milk. In the wine industry, egg white is applied as a 
fining agent for tannin removal. In this study, a sandwich-based immunoassay for ultrasensitive detection of 
ovalbumin (OVA) in wine samples was developed. The assay involves the use of magnetic beads (MBs) decorated 
with a polyclonal anti-OVA antibody (Ab2) and horseradish peroxidase (HRP), used as label for the quantification 
in a disposable electrochemical microfluidic device (DEμD) here developed. The Ab2-MB-HRP prepared was 
applied to capture, separate, and pre-concentrate OVA from wine samples. In the DEμD, OVA was immune- 
magnetically captured (OVA-Ab2-MB-HRP), producing a sandwich structure (GO-Ab1-OVA-Ab2-MB-HRP) on 
the electrode’s surface. This arrangement results in an ultrasensitive device, achieving the ultralow limit of 
detection of 0.2 fg mL− 1 OVA. Five samples of wines were analyzed by using the immuno-magneto-assay which 
presents excellent accuracy compared with enzyme-linked immunosorbent assay (ELISA).   

1. Introduction 

Food allergy is an uncommon response to a specific food triggered by 
the body’s immune system. The symptoms may range from mild signs, 
beginning with eczema, difficulty breathing, stomach pain, vomiting, 
diarrhea, and anaphylaxis and in extreme cases leading to death. Foods 
that are responsible for the majority of allergic reactions are cow’s milk, 
eggs (mainly egg white), seafood, soy, peanuts, tree nuts, and wheat, in 
which the allergenic agents are mainly proteins [1–3]. 

One of the allergen compounds that can be found in wine are pro
teins. During the wine fining, products from egg (ovalbumin or con
albumin), fish collagen, horse gelatins, and cow’s milk can be used as 
processing aids substances [3]. These products promote the clarification 
of wines, through precipitation of polyphenols and tannin compounds, 
improving their gustatory characteristics. The complex species formed 
with the protein and polyphenols and tannins are removed by decan
tation or filtration steps [3–5]. However, traces of these allergenic 
proteins may remain in the wine, which can cause significant allergic 
reactions in sensitive consumers. The utilization of egg products is 

regulated in the USA by the Food and Drug Administration to protect 
consumers from the potential consequences of egg consumption. 
Allergen labeling is still required by law in many countries [6,7]. 

Enzyme-linked immunosorbent assay (ELISA) is the mostly applied 
method for protein detection, largely used in clinical diagnosis [8–13]. 
ELISA test is also used for monitoring proteins as allergenic compounds 
in food samples. However, in addition to requiring qualified personnel, 
in some cases ELISA tends to provide only semi-quantitative informa
tion, or else it does not have enough sensitivity for the allergen detection 
in some foods [14,15]. Methods based on liquid chromatography 
coupled with mass spectrometry (LC-MS and LC-MS/MS) have emerged 
as alternative methods for food allergen analysis and allowed full 
identification and determination of different allergens simultaneously 
[16,17]. However, these techniques require time-consuming sample 
preparation, elaborated data analysis, and relatively expensive 
instrumentation. 

Electrochemical immunosensors constitute an interesting alternative 
for protein detection because of its high sensitivity, simplicity, and low- 
cost. The recent advances and different applications of electrochemical 
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immunosensors, including food analysis, have been recently reviewed 
[18]. Electrochemical sensors based on using 2D material as graphene 
have generated great interest because of their excellent properties such 
as faster electron transfer kinetics, lower limits of detection, and higher 
sensitivities than conventional carbon-based compounds [19–21]. Gra
phene oxide (GO) is a chemically modified graphene containing oxygen 
functional groups such as hydroxy, epoxy, and carboxylic groups, that 
are important groups for anchoring proteins and genetic materials as 
DNA and RNA as key biocompounds for biosensor construction [19,20, 
22]. 

Herein, a magnet-immunoassay based on the use of disposable 
electrochemical devices is described and applied for ultrasensitive 
detection of protein allergen in wine samples. The immunosensing 
platform here developed allowed simple and fast determination of 
ovalbumin with remarkable sensitivity showing excellent correlation 
with ELISA. The microfluidic device proposed can be easily produced 
with scalability, showing interesting properties as low-cost, dispos
ability, portability, low requirements of reagents and samples. 

2. Experimental 

2.1. Reagents and materials 

Magnetic beads Dynabead MyOne Carboxylic Acid with diameter 
and concentration of 1.0 μm and 10 mg mL− 1, respectively, were bought 
from Invitrogen (Vilnius, LT, USA). Graphite powder (grade#38) was 
obtained from Fisher Scientific (Hampton, VA, USA). For ELISA, goat 
anti-rabbit IgG were obtained from Abcam (Portsmouth, NH, USA). The 
wine samples were acquired at a local market. All the following reagents 
were purchased from Sigma Aldrich (St. Louis, MO, USA): poly(dia
llyldimethylammonium chloride) solution (PDDA, 20% wt% in H2O), 
horseradish peroxidase (HRP), polyethylene glycol sorbitan mono
laurate (Tween-20); 2-(N-Morpholino) ethanesulfonic acid hydrate 
(MES), hydroquinone (HQ), bovine serum albumin (BSA), hydrogen 
peroxide solution (30% w/w in H2O), glycine, N-Hydroxysuccinimide 
(NHS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), N- 
(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 
sodium borohydride, γ-L-Glutamyl-L-cysteinyl-glycine (L-glutathione 
reduced, GSH), gold (III) chloride hydrate, monoclonal (mouse) primary 
antibody (Ab1) to ovalbumin (OVA), polyclonal (rabbit) secondary 
antibody to OVA (Ab2), ovalbumin (albumin from chicken egg white) 
(≥98% purity), tetramethylbenzidine (TMB), sulfuric acid, sodium ni
trate, and potassium permanganate. 

2.2. Instrumental 

The electrochemical measurements were performed with a 
μSAT8000 Portable Multipotentiostat/Galvanostat from DropSens using 
Dropview 8400 software (Llanera, Spain). The microfluidic system was 
composed of a syringe pump (New Era), a manual chromatographic 
injection valve (Rheodyne, 7725i) with a sample loop of 100 μL, con
nected by polyether ether ketone (PEEK) tubes and fittings. The ELISA 
experiments were carried out using a Labtech Microplate Reader (LT- 
4000). A cutter machine from Silhouette Model Cameo Studio controlled 
by the Silhouette studio software v.3.8, was used for the construction of 
the disposable electrochemical device. All solutions used throughout 
this study were prepared with purified water obtained from a Millipore 
Milli-Q system with resistivity ≥18.2 MΩ cm (Bedford, MA, USA). 

2.3. Synthesis of graphene oxide 

The GO was prepared from graphite powder using a modified 
Hummers’ method as previously reported [20]. The obtained GO was 
dispersed in ultrapure water (0.5 mg mL− 1) by sonication for a period of 
2 h to obtain a stable brown dispersion. In sequence, the GO dispersion 
was centrifuged at 7000 rpm for 20 min and the excess of unoxidized 

graphite and the GO unexfoliated were removed [20]. 

2.4. Construction of the disposable electrochemical microfluidic 
device (DEμD) and the modification of the working electrodes 

The microfluidic device developed for this study is presented in 
Fig. 1. The DEμD fabrication involves the use of screen-printing tech
niques that were detailed previously [23,24]. The electrodes layouts 
were created using the Silhouette studio software v.3.8 and the designed 
array was cut on the vinyl adhesive by Silhouette Model Cameo Studio 
cutter. The vinyl foil was placed over the cutting base of the cutter 
printer and the design of each electrode was cut out. In sequence, the 
undesirable parts were removed, and the vinyl adhesive was applied 
over a polyester sheet. In present design, 8 working carbon-based elec
trodes (8-WEs) were built with an exposed geometric area of 3.14 mm2 

each one (Fig. 1C). Carbon ink was applied using a screen-printing 
technique and subsequently cured for 30 min at 90 ◦C. Finally, the 
vinyl mask was removed and the foil with the electrodes was covered by 
the blue vinyl adhesive foil that was pressed using a heat press machine. 
In parallel to the preparation of the 8-WEs, the counter and reference 
electrodes were designed and assembled in a separated foil (Fig. 1 - A 
and B) also using screen-printed technique. After the carbon ink appli
cation, a layer of silver/silver chloride ink was applied on the 
pseudo-reference electrode, and cured for 30 min at 60 ◦C, followed by 
the vinyl layer removing. 

The microfluidic channel was set up using a double-sided adhesive 
polystyrene card (Fig. 1D), in which a rectangular channel (45 mm × 4 
mm) was cut using the electronic craft cutter (A3 Cutting Plotter, F1 
Supplies, Brazil). The 8-WEs were positioned on one side and the 
counter and pseudo-reference electrodes on the other. The total volume 
of the microfluidic channel was approximately 75 μL. 

The 8-WEs were initially modified with a bilayer electrostatically 
supported based on polycation PDDA and GO. Before assembling the 
DEμD, the 8-WEs were modified with the Ab1, which was immobilized 
covalently [25]. The steps for the modification of the electrodes are 
depicted in Fig. 2A. For this, the 8-WEs were previously washed with 
water followed by the addition of 5 μL of 2.0 mg mL− 1 PDDA in 0.05 mol 
L− 1 NaCl. The electrodes were kept in this solution for 20 min. Next, the 
8-WEs were rinsed with water, dried, and then 5 μL of a GO dispersion at 
0.5 mg mL− 1 was added to each electrode. The array was maintained 
overnight at room temperature to dry. The carboxyl groups connected to 
GO were activated by adding a freshly prepared aqueous solution 
composed of a mixture of EDC and NHS at 0.4 mol L− 1 and 0.1 mol L− 1, 
respectively. The EDC/NHS reacted with the carboxyl groups in two 
steps, forming NHS ester, which was stable and effective for covalent 
conjugation to primaries antibodies [26]. After 20 min, the 8-WEs were 
rinsed and 5 μL of Ab1 were added on the electrodes surface. The 
arrangement was kept overnight at 4 ◦C to complete the covalent 
immobilization, by the amide bonding formation between activated 
carboxyl group on GO and amine group on Ab1. Then, the array of 8-WEs 
was washed with a saline PBS to remove the excess of material. In 
sequence, the remaining activated carboxyl groups were blocked by 2% 
(m/v) of BSA in PBS, which was kept in contact for 1 h at 4 ◦C, to avoid 
nonspecific binding reaction. Finally, the 8-WEs were washed with PBS, 
the DEμD was assembled and kept at 4◦ until use. 

2.5. Bioconjugation of magnetic beads with polyclonal antibody and 
HRP 

The HRP and the polyclonal anti-OVA antibody were conjugated in 
the magnetic beads as previously reported [23,24,27]. The steps for MBs 
decoration are represented in Fig. 2B. Initially, 200 μL of 10 mg mL− 1 of 
MBs dispersion were transferred to a microtube containing 1.0 mL of 25 
mmol L− 1 of MES buffer (pH 6.0) and shaked in a vortex mixer for 30 s. 
Next, the MBs were washed three times with MES buffer, using a mag
netic stand outside of the Eppendorf tube to retain the magnetic beads. 
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For covalent immobilization of Ab2 and HRP, the carboxyl groups pre
sent on MBs were activated by adding 200 μL of EDC/NHS to the MBs 
dispersion (3 mg mL− 1) in MES and incubated for 30 min under slow 

stirring, at room temperature. The MBs were magnetically separated and 
washed 3 times with MES. In sequence, 250 μL of 20 μg mL− 1 Ab2 in MES 
were added and incubated under slow stirring for 24 h at room 

Fig. 1. Components of the DEμD: Left: Polyester sheet with (A) counter electrode, (B) Ag|AgCl pseudo-reference electrode; Center (C): Second polyester sheet with 8 
carbon-based electrodes and a vinyl adhesive (blue) to define the exposed area of each electrode; and right: (D) a double-side adhesive polystyrene card with the 
microfluidic channel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Schematic illustration of the construction steps of DEμD for OVA detection in wine samples: (A) Modification of 8-WEs with PDDA, GO, covalent immo
bilization of Ab1, and the assembling of DEμD; (B) Preparation of the magnetic beads decorated with Ab2 and HRP; (C) Magneto-immunocapture of OVA, and D) OVA 
detection by immuno-sandwich formation on DEμD following by the electrochemical measurements. 
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temperature. Subsequently, the conjugated MB-Ab2 was formed and 
washed 3 times with 200 μL of MES. To the MBs-Ab2 formed, 500 μL of 
HRP (1.2 mg mL− 1 in PBS) were added and incubated overnight under 
slow stirring. The resulting bioconjugate Ab2-MBs-HRP was washed 3 
times with 600 μL of PBS, pH 7.0, containing 0.05% Tween-20 
(PBS-T20) and 0.1% BSA. Lastly, the remaining activated carboxyl 
group on MBs were blocked by adding 1.0 mL of 0.1 mol L− 1glycine, 
which was kept in contact for 30 min under slow stirring. Then, the 
bioconjugate was washed 3 times with PBS-T20 and resuspended in 400 
μL of 0.05% PBS-T20 with 0.1% BSA and kept for no longer than 3 weeks 
at 4 ◦C until use. 

2.6. Ovalbumin capture, immunosensor formation, and 
electrochemistry detection using the DEμD 

The method proposed involves the OVA immuno-magnetic capture, 
its separation from the sample and the injection of the complex formed 
on the DEμD for immune-sandwich formation at the electrode, followed 
by the amplified electrochemical detection. To evaluate the immuno
assay proposed, 340 μL of the OVA at different concentrations in 0.01 
mol L− 1 PBS and 20 μL of Ab2-MB-HRP were added in a 2.0 mL micro
tube and kept under incubation at slow stirring for 30 min at 37 ◦C. After 
the capture of the biomarker, the complex formed was separated 
magnetically and washed 3 times with 400 μL of PBS containing 0.3% 
BSA (pH 7.0). After the washing step, OVA-Ab2-MB-HRP bioconjugate 
was resuspended in 200 μL of PBS-T20 with 0.3% BSA (pH 7.0) and 
injected in the DEμD. The capture and separation steps are illustrated in 
Fig. 2C. 

In order to generate the immune-sandwich on 8-WEs and evaluate 
the electrochemical response for OVA detection, a syringe pump was 
connected to a chromatographic manual injection valve and to the DEμD 
using polyether ether ketone (PEEK) tubing and connection fittings 
(Fig. 3). The dispersion with the OVA immuno-magnetically captured 
was introduced in the injection valve using load mode and filling the 
100 μL sample loop. After that, the syringe pump was set at 100 μL 
min− 1, and the dispersion with OVA was injected in the 8-WEs DEμD 
switching the valve to insert mode. After filling the microchannel, the 
syringe pump was turned off and kept for different times to allow the 
immune-sandwich formation (Fig. 2D). After the established time, the 
syringe pump was turned on and the DEμD was washed with PBS-T20 
with 0.1% BSA for 2 min to eliminate the unreacted OVA-Ab2-MB- 
HRP. The electrochemical detection was carried out by amperometry by 
applying a fixed potential of − 0.2 V versus Ag|AgCl pseudo reference 
electrode. The current was recorded when 100 μL of a mixture of 1 μmol 
L− 1 H2O2 and 20 μmol L− 1 HQ in PBS (pH 7.0) was injected in the DEμD 
using the manual injection valve under a flow rate of 100 μL min− 1. The 

solution with HQ and H2O2 was purged with nitrogen gas, previously the 
injection in the microfluidic system. Finally, a transient current response 
was obtained when the detection solution was injected in the DEμD and 
the intensity of the peak current was proportional to the OVA concen
tration. Fig. 2D shows a representative scheme of how the electro
chemical detection occurs at each working electrode. The DEμD were 
checked in every step to avoid bubbles and consequently ensure the 
feasibility of the method. In the DEμD, the array with 8-WEs (Fig. 1C) 
was used for eight simultaneous replicates of OVA detection, but it could 
be applied for detection of up to 8 different analytes by modifying each 
working electrode with different antibodies for example. 

2.7. Wine sample preparation 

In order to evaluate the feasibility of the immunoassay proposed, the 
detection of OVA was accomplished in five samples of wine acquired 
locally. For this, the wine samples were diluted in PBS (pH 7.0) in the 
proportion of 0.1 mL–200 mL, respectively. The high dilution ratio was 
performed to minimize matrix effects and to evaluate the ability of the 
DEμD to detect ovalbumin at low concentrations. Thus, 340 μL of diluted 
sample was used in the immunoassay developed. The OVA determina
tion was performed by interpolation in the analytical curve. 

2.8. Ovalbumin detection by enzyme-linked immunosorbent assay 
(ELISA) 

Indirect ELISA was developed for OVA detection in wine samples and 
used as a comparative method to evaluate the performance of the 
magneto-immunoassay proposed. OVA standard solutions with con
centration from 1.0 ng mL− 1 to 10 μg mL− 1 and wine samples were 
diluted in 0.01 mol L− 1 of carbonate buffer pH 9.5, then transferred to 
96-well polystyrene ELISA plates, where they were kept for 18 h. The 
wells were washed to remove unbound antigens and 10 μg mL− 1 of 
polyclonal anti-OVA antibody previously diluted in PBS-T20 (pH 7.0) 
was added and kept for 18 h. Next, the wells were washed, and an anti- 
IgG antibody conjugated with HRP diluted in a 1:15,000 ratio in PBS- 
T20 was added and kept for 4 h. Following, the unbound HRP-IgG was 
removed by washing the wells. A 50 μL of commercial solution con
taining tetramethylbenzidine and H2O2 was added and the HRP enzy
matic reaction was kept for 15 min at 37 ◦C and stopped with addition of 
0.1 mol L− 1 HCl. The absorbance of the yellow color originated by the 
enzymatic reaction was measured at 450 nm. The color intensity was 
proportional to the concentration of ovalbumin in the samples. 

Fig. 3. Microfluidic setup used in the magneto-immunoassay for OVA detection which is composed by a syringe pump, a manual injection valve, the DEμD, and a 
portable multipotentiostat, connected to a microcomputer for data acquisition. 
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3. Results 

3.1. Characterization of graphene oxide prepared 

Raman spectroscopy was utilized for the characterization of 
graphitic materials, before (Figure S1A in SM) and after (Figure S1B in 
SM) the GO synthesis. Figure S1 shows the Raman spectra of graphite 
and GO obtained. For graphite, it is possible to observe two character
istic peaks of raw graphite at 1580 cm− 1 and a weak peak at 1352 cm− 1 

which corresponds to the G and D bands, respectively. The synthesized 
material, Figure S1B, showed a shift of the G band to ~1600 cm− 1 and a 
significant increase in the intensity of the D band, indicating that sp2- 
hybridized carbons were converted to sp3 state due to the chemical 
oxidation step. The inset of Figure S1 displays the micrography obtained 
by scanning electron microscopy (SEM) of the electrode modified with 
GO, which presents the typical wrinkled structure [20]. 

3.2. Electrochemical characterization of DEμD constructed 

In order to evaluate in how extension GO can improve the electro
catalytic properties of the carbon ink electrodes, the apparent electro
active surface areas of the unmodified DEμD (Fig. 4A) and a DEμD GO 
modified electrode (Fig. 4B) were determined by cyclic voltammetry at 
different scan rates and using the Randles-Sevcik equation [28]. 

Ip = ± (2.69× 105)n3/2AD1/2Cv1/2 (Eq. 1) 

In here, Ip is the peak current; A is the geometric electrode area; n is 
the number of electrons involved in the reaction; D is the diffusion co
efficient; C is the concentration of the redox probe, and ν is the scan rate. 

As shown in Fig. 4, the anodic peak currents obtained with both 
electrodes were proportional to the square root of scan rate, showing 
that the reaction is controlled by diffusion. According to Eq. (1), the 
estimated electroactive surface area for the bare carbon-electrode and 
the GO-modified electrode were 2.44 and 3.36 mm2, respectively. This 
means that the presence of GO increased by 38% the voltammetric 
response in comparison to the bare electrode. There is a consensus that 
ultra-fast charge mobility processes combined with the high surface-to- 
volume ratio can favor the analytical signal. Moreover, these properties 
enable graphene to promote a more effective electron transfer [20]. 

3.3. Principle of OVA detection by the magnet-immunoassay using DEμD 

In the method here proposed, the amount of antibodies immobilized 
on MBs and the incubation time for both capture and sandwich forma
tion were optimized to obtain the maximum formation of the immune- 
complex that directly governs the analytical performance of the immu
noassay [23,24]. In order to achieve the highest signal for OVA detec
tion, parameters as the concentration of polyclonal anti-OVA antibody 
applied in the MBs immobilization step, the time required for the in
cubation between the OVA and MBs decorated with Ab2, and the time 
for the sandwich formation on the modified 8-WEs were optimized using 
PBS solution with a fixed OVA concentration of 50 pg mL− 1. 

Briefly, the immunoassay proposed involves the OVA immuno- 
magneto capture and separation from sample solution followed by the 
injection of the immunocomplex formed into DEμD for electrochemical 
detection based on an immuno-sandwich formation. The steps involved 
in the magneto-immunoassay are presented in Fig. 2. The first step 
comprises the immobilization of the antibody anti-OVA on the elec
trodes of DEμD [25]. After that, as described previously, the DEμD was 
assembled using a double-side adhesive polystyrene card to attach the 
modified 8-WEs together with counter and pseudo-reference electrodes 
and was ready to connect on a chromatographic manual injection valve, 
as shown at Fig. 3. 

The OVA was previously captured by the Ab2-MB-HRP, after that the 
OVA-Ab2-MB-HRP was injected into the DEμD using the microfluidic 
arrangement [23,25,27]. For this, the sample loop of 100 μL in the 
manual injection valve was filled with the bioconjugate and then 
injected into DEμD using the syringe pump at a rate of 100 μL min− 1. 
When OVA-Ab2-MB-HRP dispersion filled the microfluidic channel, the 
flow was stopped (time optimized) for immune-sandwich formation due 
to immunoreaction between the bioconjugate containing the OVA and 
the Ab1 immobilized on the 8-WEs. Next, the syringe pump was restarted 
to wash and eliminated the unbounded OVA-Ab2-MB-HRP (Fig. 2D). The 
electrochemical detection was performed by applying a fixed potential 
of − 0.2 V (vs Ag|AgCl) and the injection of a 100 μL of a mixture of 1 
μmol L− 1 H2O2 and 20 μmol L− 1 HQ into the DEμD through the manual 
injection valve, utilizing a flow rate of 100 μL min− 1. 

The analytical signal consisted of a transient cathodic current ob
tained as a function of HQ used as an electrochemical mediator and the 
HRP enzymatic reaction in presence of subtract (H2O2) (Fig. 2D). In this 
way, when the injected HQ/H2O2 solution achieves the electrode with 
the bioconjugate, the HRP bound to MB reacts with the substrate 
forming an oxo complex HRP-Fe(IV) = O (HRPox). Following, the HRP is 
regenerated to original form HRPred (HRP-Fe(III)) in the presence of HQ 
forming that oxidase to benzoquinone (BQ). Finally, the BQ was elec
trochemically reduced to HQ at the electrode surface and the transient 
current was registered. The electrochemical detection is indirect, 
because the antigens and antibodies do not exhibit redox behavior 
(Fig. 2D). The magnitude of the cathodic current obtained is propor
tional to the OVA concentration. In the current study, different param
eters of the magneto-immunoassay proposed were evaluated to achieve 
the best analytical performance for OVA detection. 

Fig. 4. Cyclic voltammograms of (A) unmodified and (B) GO modified elec
trodes obtained in 1.0 mmol L− 1 ferrocene monocarboxylic acid in 0.5 mol L− 1 

KCl. Scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s− 1. Insets: 
Anodic peak current as function of square root of scan rate. 
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3.4. Optimization of the magnet-immunoassay for OVA detection using 
DEμD 

The use of magnetic beads decorated with primary antibody and HRP 
allowed the capture and separation of the OVA from sample solution, 
diminishing drastically the interference derived from the matrix effect. 
The formation of an immune-sandwich structure on the electrode with 
the immobilized secondary antibody and the bioconjugate containing 
the captured OVA, allowed an amplification of the analytical signal due 
to the presence of multiple HRPs linked to the MB for each OVA bound 
on the immobilized antibody on the electrode. Together with these 
strategies to improve the selectivity and sensitivity for OVA detection, 
the quantity of antibody immobilized on MB and the times involving the 
immunoreactions are important parameters that affect the analytical 
performance of the assay. Based on this premise, the quantities of Ab2 
immobilized on MBs and the time applied in the incubation for OVA 
capture in sample solution and in the immune-sandwich formation on 
the DEμD were evaluated. 

The first parameter evaluated was the concentration of antibodies 
used to prepare the decorated magnetic beads. For this, concentrations 
of antibodies in the interval of 5–40 μg mL− 1 were used and the modified 
MBs obtained were applied for detection of 50 pg mL− 1 of OVA. In this 

optimization step, a time of 30 min was used in the immuno-capture and 
in the sandwich formation steps, following previous works [23,25]. 
Fig. 5A presents the influence of Ab2 concentration in the cathodic 
current obtained for OVA detection. The amount of Ab2 immobilized on 
magnetic beads influences the quantity of OVA bound and consequently 
there is an optimal quantity of OVA to be immuno-magnetically 
captured. As it can be seen, the cathodic peak current obtained 
increased up to 20 μg mL− 1, followed by a slight decrease in the signal 
for higher concentrations. Therefore, 20 μg mL− 1 Ab2 was used in the 
further experiments. 

The influence of the time for the OVA magneto-immunocapture was 
evaluated in the interval of 10–40 min. The transient current obtained 
for the detection of 50 pg mL− 1 of OVA using different immunocapture 
times are presented in Fig. 5B. As can be seen, 30 min resulted in the 
highest peak current response in comparison with the other times 
studied and this was the time selected for the following experiments. 
Finally, the time for immune-sandwich formation on the electrode in 
DEμD was evaluated. Reaction time of 10, 20, 30, 40, 50, and 60 min for 
a detection of 50 pg mL− 1 of OVA, were evaluated and the results are 
presented in Fig. 5C. In this case, the highest value for the transient 
current was obtained at 20 min, indicating that this relatively short time 
was enough to assemble a higher number of immunocomplexes on the 

Fig. 5. (A) Effect of Ab2 concentrations (5, 10, 20, and 40 μg mL− 1) on cathodic current responses for detection of 50 pg mL− 1 of OVA. (B) Influence of the time 
applied (10, 20, 30, and 40 min) in the magneto-immunocapture of OVA on the current response. (C) Influence of the time applied in the immuno-sandwich for
mation (10, 20, 30, 40, 50, and 60 min) at DEμD for OVA detection. Experiments carried in PBS-T-20 buffer (pH 7.0) and Eap = − 0.2 V; [OVA] = 50 pg mL− 1; [Ab1] 
= 10 μg mL− 1; [HQ] = 20 μmol L− 1; [H2O2] = 1 μmol L− 1, and n = 5 (number of electrodes at the DEμD used for these studies). 
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electrode surface. Longer times caused a decrease in the current signal, 
which may be related to partial inactivation of the antibodies, 
decreasing the overall analytical response of the immunosensor. In the 
following studies the concentration of Ab2 of 20 μg mL− 1, 30 min for the 
magneto-immunocapture, and 20 min for the formation of the immune- 
sandwich was adopted. The concentration of Ab1 and the number of 
units of HRP used were chosen based on previous works [23,25]. 

3.5. Analytical performance and the OVA detection in wine samples 

Under the optimized conditions, the performance of the proposed 
immunoassay was evaluated at different concentrations of OVA in 
standard solutions. A new DEμD was used for each concentration and it 
was disposed of after use. As can be seen in Fig. 6A, increasing transient 
cathodic currents were produced when the OVA concentration 
increased. A good linear response was obtained in the range of 0.01–10 
pg mL− 1 of OVA with a sensitivity of 41 nA mL pg− 1 (Fig. 6B). The 
synergistic effect of MPs heavily decorated with Ab2 and HRP for cap
ture and separation of OVA and the presence of GO on the electrode 
allowed to achieve an ultralow limit of detection (LoD) of 0.2 fg mL− 1 for 
this immunoassay. The LoD was calculated by (3.3 s)/b, where s is the 
standard deviation of the blank (n = 10) and b is the slope of the cali
bration curve. 

The repeatability of the disposable DEμD was evaluated for the OVA 
detection at concentration of 0.01 pg mL− 1. The relative standard de
viations (RSD) values obtained using the same 8-WEs DEμD was 5,9%, 
while three different DEμD resulted in RSD value of 7,0%. These results 

confirmed the efficient repeatability and reproducibility of the method 
proposed for the ultrasensitive OVA detection. 

The results obtained with the developed magneto-immunoassay 
were compared with other works in the literature for OVA detection 
and are presented in Table 1. As can be seen, the limit of detection ob
tained in this work is the lowest compared with other electrochemical 
immunosensors previously reported. 

As can be seen in Table 1, the immunoassay developed presented a 
wide linear range for OVA determination with an ultralow limit of 
detection, in comparison to other electrochemical biosensors reported in 
the literature. Other advantageous aspects are disposability, specificity, 
low cost, and user-friendliness. Čadková et al. [31] presented an 
immunosensor for ovalbumin determination using magnetic beads 
(MBs) exhibiting linear responses in the range from 0.5 to 9.5 μg mL− 1. 
In this work, MBs enable the capture of OVA from complex biological 
samples. An immune-sandwich structure was formed on the MBs, not on 
the electrode, using commercial anti-OVA IgG labeled with HRP. The 
use of this strategy limits the relation to 1:1 from OVA and HRP 
restricting the LoD. In our strategy, the large number of HRP present on 
decorated MBs [23,24] associated with the use of a GO modified elec
trode produces an amplified electrochemical response, allowing to 
achieve a large linear range and ultralow LoD. Although the proposed 
method has a higher number of operation steps when compared to the 
others mentioned in Table 1, the DEμD allows to carry out eight 
simultaneous analyses with a total assay time of 60 min. Other advan
tages of the DEμD for OVA detection developed in this study include the 
simple fabrication process, the need of only a few microliters of sample, 
and the possibility of easy automation. Moreover, the immunoassay 
proposed based on use of magnetic beads and DEμD can be easily 
modified for simultaneous detection of other proteins as allergens in 
foods. 

The stability of the Ab1 on 8-WEs screen-printed array modified with 
PDDA and GO was also evaluated. For this, different Ab1-modified ar
rays were prepared on the same day and stored at 4 ◦C in PBS (See 
Fig. S2 in SM). The DEμDs were tested in different days for the detection 
of ovalbumin in standard solution at 1.0 pg mL− 1. The device showed a 
decrease in the transient current responses obtained of 5.1%, after three 
days. After longer times of storage the stability of the immunosensor was 
reduced, retaining 86% and 71% of the initial analytical performance 
after 5 and 10 days of storage, respectively. In this way, the immobili
zation of Ab1 on 8-WEs screen-printed array modified with PDDA and 
GO showed good stability. The study was carried out with the electrode 
kept in PBS solution, however, a longer shelf-life for immunoassays is 
expected when they are kept under dry conditions. 

In order to evaluate the feasibility of the DEμD for OVA determina
tion in food samples, the developed protocol was tested toward this 
biomarker in red and white wines and compared with ELISA. Fig. 7 and 
Table S1 presented the results for OVA detection using the magneto- 
immunoassay and ELISA. For both methods, the OVA concentration 
was obtained by interpolation in the calibration curve. 

As can be seen, the red wines showed higher levels of OVA compared 
to white wines. In both cases, the results obtained with the method here 
developed presented excellent agreement with values obtained using 
ELISA in parallel analysis. The results obtained by both methods showed 
a correlation of 0.985 with p-value (0.2) of paired t-test indicating no 
difference in the confidence level of 95%, showing a calculated t (1.0) 
much lower than critical value from t (2.1). 

Therefore, the magneto-immunoassay proposed showed remarkable 
and fast results for cost-effective OVA determination in real samples of 
wines. Our device allowed eight simultaneous analyses with a cost of 
less than U$ 1.00 in material per device, which is lower than ELISA 
(comparative method), and a cost about USD 5.25 per microwell. 

4. Conclusions 

This study described the combination of a fully disposable 

Fig. 6. (A) Transient current responses for different concentrations of OVA 
obtained with the DEμD. (a) 0; (b) 0.01; (c) 0.05; (d) 0.1; (e) 0.5; (f) 1.0 and (g) 
10 pg mL− 1 of OVA. (B) Dependence of the peak current on log of OVA con
centration. Other conditions: [Ab1] = 10 μg mL− 1; [Ab2] = 20 μg mL− 1; [HQ] 
= 20 μmol L− 1; and [H2O2] = 1.0 μmol L− 1 prepared in PBS-T20 buffer (pH 
7.0). Eap = − 0.2 V. 
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electrochemical microfluidic device with magnetic beads for the 
development of a magneto-immunoassay for ultrasensitive detection of 
egg allergen ovalbumin in food samples. The DEμD developed in our lab 
allows until 8 simultaneous detections per device. The electrodes were 
modified with graphene oxide to favor the covalent immobilization of 
Ab1. The structure obtained was highly favorable for the detection of 
OVA, providing high sensitivity with LoD of 0.2 fg mL− 1 and wide linear 
range of concentration from 0.01 to 10 pg mL− 1. Additional advantages 
of the DEμD developed in this study were its easy and simple con
struction with excellent reproducibility and cost-effective scalability. 
The proposed method was successfully applied for OVA determination 
in samples of white and red wines showing results with excellent 
agreement with results obtained by ELISA. Finally, the magneto- 
immunoassay strategy developed in this study can be easily adapted 
for fast and simple detection of other proteins as allergens in foods and 
drinks. 
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