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Abstract: This work proposes an outstanding screening magneto-bioassay for the early identifica-
tion of bovine subclinical mastitis. Haptoglobin (Hp) was used as a promising biomarker for the
diagnosis of subclinical mastitis. To this end, novel chitosan-modified magnetic particles, coated
with haemoglobin-modified polyaniline (MNPs@Chi/PANI-Hb), have been integrated in a sensi-
tive electrochemical Hp bioassay. Haemoglobin was used as bioreceptor due to its high affinity
against Hp. The appropriateness of their synthesis and their modifications were demonstrated by
XRD, FT-IR spectroscopy, thermogravimetry and N2 adsorption–desorption analyses. After the
optimization of the experimental parameters the main analytical features were obtained showing
excellent performance. The electrochemical biosensor in milk matrix presented a dynamic range
of 0.001 to 0.32 µg mL−1 with a detection limit of 0.031 µg mL−1, a value much lower than the
normal Hp values in bovine milk, making it highly suitable for such determinations. Finally, real
milk samples, obtained from local dairy farmers, were analysed by the electrochemical bioassay and
compared against a commercial ELISA kit for Hp detection. Milk samples were correctly classified as
“acceptable” or “unacceptable” milk considering the Hp concentration obtained with the proposed
bioassay, confirming its excellent predictive capacity for subclinical mastitis diagnosis.

Keywords: haptoglobin; bovine mastitis; haemoglobin; nanoparticles; polyaniline; electrochemical bioassay

1. Introduction

Mastitis is the most common infection in mammals and is highly prevalent in dairy
cattle [1,2]. Mastitis is an inflammatory process of the mammary gland because of the entry
of microorganisms into the gland through the teat canal [3,4]. It can be caused by several
microorganisms, such as bacteria, fungi, virus, mycobacteria, among others. However, such
infections can also be promoted by physical damage produced by milking, poor hygienic
practices, and by different environmental factors [5]. According to the symptoms, mastitis
is classified as subclinical mastitis, when there are no obvious alterations in the udder or
in the milk; or as clinical mastitis, when pain, redness, and inflammation is observed in
the udder, as well as changes in the milk, such as a foul smell, discoloured serum, and the
presence of clots and/or blood.

The economic losses from mastitis in the dairy industry are incalculable and include
direct costs related to diagnosis, medication, veterinary services, infection of other cows,
personal care, discarded milk and occasional deaths [1,2]. Moreover, there are many
other indirect costs generated by mastitis infections, such as a future decrease in milk
yield, reduced reproduction, culling of continually infected cows and replacement of
mastitic cows in some cases [6]. Preventive measures and management may reduce the
economic impact that this infection has on dairy farming. Mastitis management improves
the economic efficacy by control programs that could include routine tests since early
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detection of the disease prevents its transmission to other cows and shortens the treatment
times and leads to faster recovery for the animals [7].

The diagnosis of acute mastitis is mainly based on indicators during a physical exam-
ination, such as inflammation of the udder and abnormalities in the milk. However, the
diagnosis of subclinical mastitis requires the isolation and identification of the causative
agent or the detection of inflammation markers in milk, such as the elevated presence of
somatic cells [8]. A lack of any manifestation complicates the subclinical mastitis diagnosis,
and specific tests are then necessary for mastitis diagnosis. The California test is the most
widely used diagnostic tool in the dairy industry for the detection of mastitis in cattle. The
California test qualitatively estimates the number of somatic cells in milk using a detergent
and a pH indicator. The test is based on the reaction of the detergent that lyses the cells,
causing the release of DNA that tends to agglutinate, forming gels. Thus, the degree of
gelling is used as an indicator of the number of somatic cells present in the milk, with
the reading being a visual parameter. In addition, the pH is an additional indicator since
normal milk tends to be acidic, while mastitic milk tends to be alkaline. Although this test
is rapid, simple, and economical, the results are interpreted subjectively, depending on the
experience of the person doing the test. Furthermore, false positives are common in young
animals or in cows with age-related depleted milk production, and it shows false negatives
in acute clinical mastitis since the some microorganisms causing the infection release toxins
that destroy somatic cells [9,10].

The development of a new and quick diagnosis, which can be integrated into the
animal management, is still a challenge in dairy farming. Moreover, a good understanding
of mastitis infection is crucial for the development of an integrated control program [11]. An
approach that meets these requirements was presented by Oliveira et al.: They developed a
non-invasive diagnostic tool for mastitis based on measurement of cow udder temperature
by infrared thermography [12]. However, such technology faces obstacles, such as the
udder surface temperature variation between the months of the year.

Due to their great veterinary interest, new target molecules and many different detec-
tion methods have been investigated and developed as mastitis diagnostic tools [13–15].
Over the last ten years, several biomarkers have been used for the identification of bovine
mastitis, such as genomic and proteomic analyses, the level of enzymes associated with the
diseases, acute-phase protein concentrations, and specific miRNAs, among others [16,17].

Although some commercial tests are currently available in the market for enzymatic ac-
tivity detection related with mastitis, they still present low diagnostic sensitivities [18]. An-
other alternative for the early diagnosis of mastitis is the quantification of some acute-phase
proteins (APPs), which are produced by the immune system in response to the infection [11].
APPs have been defined as proteins whose concentrations markedly increase/decrease
during the inflammatory process [19,20]. APPs are now important biomarkers for the
diagnosis of different diseases in both the veterinary and human health fields. These
proteins include C-reactive protein, α1- acid glycoprotein, α1-antitrypsin, fibrinogen and
ceruloplasmin, serum amyloid A (SAA), and haptoglobin (Hp), with the last two being
the major APPs in ruminants that change their concentration over 100 times after infec-
tion/inflammation [21,22]. In addition, they have been demonstrated to be good prognostic
biomarkers of mastitis in milk [23].

Otsuka et al. have developed rapid turbidimetric latex particle agglutination im-
munoassays for three APPs (SAA, Hp, and α1-acid glycoprotein). This assay showed
low sensitivity for Hp and α1-acid glycoprotein and was performed on bovine blood, not
milk matrices [24]. More recently, Bassols et al. have designed a immunoturbidimetric
assay for bovine Hp and α-trypsin inhibitor heavy chain H4, also intended for serum
analysis [25]. An SPR sensor for the detection of Hp using haemoglobin as a bioreceptor
molecule was developed by Akerstedt et al. This sensor presented a limit of detection
(LOD) of 1.1 µg mL−1. However, when the detection efficiency of the sensor was compared
to a commercial ELISA kit for Hp, the quantification of Hp by the sensor was lower than by
ELISA [26]. The underestimation was attributed, according to the authors, to the possible
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interference of blood impurities in the milk. Finally, Nirala et al. have been working in-
tensively on the development of a chemiluminescent method based on modified magnetic
nanoparticles (MNPs) for the detection of haptoglobin [27,28]. However, most of these
methods are still used only in research and have not reached clinical veterinary practice
due to time-consuming, troublesome, and costly methods of analysis.

The development of electrochemical biosensors becomes an important growth area to
satisfy the demand of rapid, user-friendly, and “real time” devices in the environmental
and health fields. Biosensor technology has the potential to speed up detection and to
increase specificity and sensitivity due to the use of highly specific bioreceptors. Moreover,
electrochemical transduction offers the advantages of high sensitivity, which can be en-
hanced by attaching biocatalytic labels to bioreceptor-target complexes, thereby, amplifying
the detection signal. Furthermore, electrochemical transduction is easily miniaturized and
has a low cost of production, as it does not require expensive read-out instrumentation [29].

Since the commercialization of the first commercial electrochemical sensor, also known
as a glucometer, various electrochemical biosensor platforms have been established, from
typical catalytic biosensors to self-powered or fully biodegradable sensor platforms. The
implementation of nanomaterials has contributed to the fabrication of biosensors with
improved characteristics through transduction surface modification, electrical signal ampli-
fication, or biofunctionalization.

This work presents a simple electrochemical screening bioassay based on polyaniline-
modified nanoparticles for subclinical mastitis detection. The use of biofunctionalized
magnetic nanomaterials and the electrochemical detection systems provide an economically
accessible technology for the readout of the analytical signal and offer the versatility and
simplicity of the use of the MNPs for separation and labelling purposes. The MNPs were
synthesized in our laboratory and modified with haemoglobin for integration into the Hp-
sensing platform. The different stages of the synthesis as well as their biofunctionalization
were evaluated using the most common characterization techniques. After determining
the main analytical parameters, such as the linear range, limit of detection, and sensitivity,
the ability to confirm a diagnosis for cows suspected of having subclinical mastitis as a
function of Hp concentration in real samples was compared to a commercial ELISA kit for
bovine Hp.

2. Materials and Methods
2.1. Reagents and Solutions

Bovine haptoglobin was obtained from MyBioSource (Cat No. MBS563276). Pri-
mary and alkaline phosphatase (ALP)-modified secondary anti-Hp antibodies (Cat. No.
PA1-29740 and A16151, respectively) were purchased from Invitrogen (Waltham, MA,
USA). Bovine Haptoglobin ELISA kit (Cat. No. ab137977) was obtained from Abcam
(Cambridge, UK). The milk samples were obtained from local dairy farms, which were
provided by the Department of Agriculture and Livestock Farming of the Canary Islands
Government. Other analytical reagents, such as haemoglobin from bovine blood, naph-
thyl phosphate monosodium salt monohydrate, bovine serum albumin, Iron (III) chloride
(FeCl3), Iron (II) sulphate heptahydrate (FeSO4·7H2O), sodium hydroxide (NaOH), concen-
trated hydrochloric acid (HCl), aniline, glutaraldehyde (25% w/v), ammonium persulfate
(APS), glacial acetic acid (CH3COOH), ethanol, chitosan, and Trizma® Base were acquired
from Sigma-Aldrich.

The composition of the buffer solutions are detailed in the Supplementary Materials.

2.2. Instrumentation

The voltametric and impedimetric measurements were carried out on commercial
screen-printed electrodes (SPCE, Cat No. DRP-110, Dropsens, Oviedo, Spain) using a
portable biopotentiostat DRP-STAT-i-400 purchased from Dropsens (Metrohm Dropsens,
Oviedo, Spain). The data were analysed using DropView 8400 software (2009 version).
The washings of the magnetic particles were performed using the DynaMag™ (Cat. No.
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12321D, Invitrogen), facilitating the magnetic separation of the MNPs from the supernatant
by attracting them to a side wall of the tube where the magnet was located.

Magnetic nanoparticles were characterized by thermogravimetric analyses using a
Perkin Elmer Pyris Diamond TG/DTA apparatus. A panalytical X’Pert Pro diffractometer
was used to obtain X-ray diffraction (XRD) diffractogram, while Fourier-transform infrared
spectroscopy (FT-IR) analyses were performed with respect to air using a Jasco FT/IR-6800
IRT-7200 spectrophotometer. The surface area, pore size distribution, and pore volume were
evaluated by N2 adsorption–desorption isotherms using a TriStar II analyser (Micromeritics)
at 77.3 K. The evaluation of the correct synthesis and chemical modification of the MNPs
surface was done by studying their interfacial properties by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS).

2.3. Synthesis and Functionalization of the Polyaniline Coated Magnetic Nanoparticles

Polyaniline-modified magnetic nanoparticles (MNPs@Chi/PANI) were obtained by
coprecipitation, and according to [30], with some modifications (for details see the Supple-
mentary Materials). In a second step, MNPs@Chi were functionalized with polyaniline
(PANI). To do this, MNPs@Chi (2 g) and aniline monomer (0.5 g) were added to 100 mL
of water under stirring conditions, and the pH value was adjusted to 2 with 1 M HCl.
After waiting forty-five minutes, to improve the dispersion and solution of the reactants,
0.6 g of ammonium persulfate (APS) were added, and the solution was stirred at room
temperature overnight. The APS/aniline ratio was selected at 1.2. This value was chosen
according to the optimum range value (1–1.3) previously reported in the literature [31,32].
After finishing the reaction, the MNPs@Chi/PANI nanocomposite was decanted using
a permanent magnet and rinsed completely with water, water/ethanol (1:1 v/v%), and
ethanol (three times each). Finally, the MNPs@Chi/PANI nanocomposite was dried at
60 ◦C for 24 h and stored in a desiccator before use.

2.4. Biofunctionalization of the Polyaniline Coated Magnetic Nanoparticles

MNPs@Chi/PANI were functionalized with glutaraldehyde for the covalent immo-
bilization of the biorecognition element. To do this, 100 mg of the magnetic beads were
dispersed in a stirred 10% v/v glutaraldehyde solution (10 mL) at room temperature for
12 h. The Glutaraldehyde-modified nanocomposite (MNPs@Chi/PANI-Glut) was then
decanted and washed three times with water and resuspended at 20 mg mL−1 in water. For
clarification purposes, the nomenclature used for this adduct will be MNPs@Chi/PANI.

MNPs@Chi/PANI were biofunctionalized with haemoglobin (Hb) as follows: 200 µL
of MNPs@Chi/PANI were added to 1 mL haemoglobin in phosphate-buffered solution at
pH 7.4. In order to optimize the biofunctionalization, different parameters were evaluated
(for details see Section 3.2). Hb was incubated overnight while under agitation conditions at
25 ◦C. Non-reacted Hb was removed by three washing steps. Finally, Hb-modified nanopar-
ticles (MNPs@Chi/PANI-Hb) were redispersed in PBS to a concentration of 20 mg mL−1

and stored at 4 ◦C until use.

2.5. Electrochemical Determination of Haptoglobin Using MNPs@Chi/PANI-Hb

The Hp determination in milk by electrochemical sensing was performed in three
steps as depicted in Figure 1. One hundred microliters of sample were incubated with
200 µg of MNPs@Chi/PANI-Hb for 40 min at 37 ◦C in Tris incubation buffer. At this stage,
haptoglobin binds to the haemoglobin on the surface of the MNPs and remains attached to
them. The second step involves immunolabeling with the primary antihaptoglobin anti-
body and immunoenzymatic labelling by incubating 1 µg mL−1 of anti-Hp and 2 µg mL−1

of ALP-conjugated secondary antibody for 40 min at 37 ◦C in Tris incubation buffer. After
each incubation step, the sample matrix as well as the excess reagent were removed by two
washing steps with 200 µL of washing buffer. Prior to the last step, the sample was condi-
tioned in Tris buffer at pH 9, as this is the optimum pH for the ALP enzyme. Finally, the Hp
concentration was indirectly determined by electrochemical detection of ALP activity. Thus,
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the higher the amount of Hp in the milk sample, the higher the immunoenzymatic labelling
and therefore the higher the enzyme activity. For this purpose, the sample was incubated at
room temperature with 5 mM of 1-naphthyl phosphate as the enzyme substrate. After five
minutes of reaction, the solution was transferred to the SPCE surface for electrochemical
determination. The production of 1-napthol (electroactive product) was determined by
differential pulse voltammetry (DPV) from −0.15 to 0.6 V (scan rate of 0.05 V/s, pulse
amplitude 0.7 V, pulse width 0.007 V, time pulse 50 ms).
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Figure 1. Schematic representation of haptoglobin electrochemical determination involving MNPs-
Chi@PANI-Hb.

The concentrations of reagents, as well as different quality analytical parameters, were
evaluated in order to select the optimal conditions that would give the highest sensitivity
and the shortest assay time.

2.6. Sample Preparation

Raw milk samples were provided by the Department of Agriculture and Livestock
Farming of the Canary Islands Government. The samples were collected from Friesian cows
at local dairy farms in 10 mL sterile containers and refrigerated until they were transported
to the laboratory, where they were analysed within twenty-four hours. A volume of 5 mL
was centrifuged at 2000× g for 10 min, and the samples were stored at 4 ◦C until analysis.

2.7. Bovine Haptoglobin Determination by ELISA Kit

The Hp concentration of milk samples was quantified using a bovine haptoglobin
ELISA kit according to the manufacturer’s instructions. Briefly, a calibration curve was
performed by preparing different Hp standard solutions. Milk samples were fifty-fold
diluted with 1X Diluent buffer and were tested in duplicate following the protocol recom-
mendations. Finally, the Hp concentration of the milk samples was estimated using the
calibration curve.

3. Results and Discussion
3.1. Characterization of MNPs@Chi/PANI Core–Shell Nanoparticles

Chitosan-modified magnetic nanoparticles (MNPs@Chi) were modified with PANI
according to previous works [30] (see above). During the polymerization reaction, the
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nanocomposite changed from a brown (MNPs@Chi) to black (MNPs@Chi/PANI) colour,
confirming the correct formation of the core–shell structure. In addition, different charac-
terization techniques were used to obtain the chemical and phase composition as well as
the morphological features of the obtained nanocomposite.

Figure 2a shows the diffractogram obtained for the MNPs@Chi and MNPs@Chi/PANI
nanoparticles (for comparison purposes, the diffractogram for nonmodified MNPs is also
shown). Based on the thick diffraction lines obtained in all configurations, we can intuit
the similar and small grain size of all nanoparticles. Diffraction peaks at 30.1◦, 35.5◦,
43.2◦, 53.6◦, 57.3◦, and 62.9◦ were assigned to the (220), (311), (400), (422), (551), and
(440) Bragg reflections of the maghemite phase (γ-Fe2O3), respectively. Moreover, all
configurations showed a polycrystalline nature and the typical diffractograms of the cubic
inverse spinel structures [33,34]. The mean average crystallite size (β) was estimated using
the Scherrer equation:

L =
k· λ

β·cos θ
(1)

where L is the mean average crystallite size; k is a shape factor that depends on parameters,
such as the shape of the crystal and the Miller index of the reflection plain, and normally has
a value of 0.94; λ is the X-ray wavelength (0.154 nm); β is the full-width at half maximum
(FWHM) of the selected diffraction peak; and θ is the Bragg angle in degrees. The mean
average crystallite size of the three nanoparticles were calculated according to the FWHM
values of the 331 XRD line (2θ = 35.5◦) and using Equation (1). The three configurations
presented similar results with a mean average crystallite size of about 8 nm.

Figure 2b shows the FT-IR spectra for the MNPs@Chi/PANI nanoparticles. The spec-
tra for unmodified MNPs, Chi, and PANI are also shown for comparison (individual
material descriptions are found in the Supplementary Materials). The FT-IR spectrum
for MNPs@Chi/PANI shows two absorption peaks ca. 1570 and 1490 cm−1, which were
assigned to the quinoid and benzene rings, respectively [31], proving the correct polymer-
ization of PANI on the surface of the nanoparticles. The peak centred at 1300 cm−1 was
assigned to the stretching vibration of C-N bonds from the secondary aromatic amines
from Chi. In addition, another two chitosan absorption bands were observed at around
1040 cm−1 (C-O-C stretching) [35–37] and 960 cm−1 (C-H bond ring vibrations) [30]. Finally,
the peak at about 600 cm−1 was assigned to Fe-O stretching vibrations. All these features
confirmed the correct hybrid nature of the MNPs@Chi/PANI nanocomposite, with the
slight shift of the Chi and PANI absorption peaks being attributed to their strong interaction
with the surface of the MNPs.

The chemical composition and thermal stability for the MNPs@Chi/PANI nanocom-
posite was studied by thermogravimetric analysis. MNPs (Figure 3a, orange line) showed
a 6% of weight loss in the range of 50–700 ◦C with two endothermic peaks at ca. 100 ◦C
and 325 ◦C that can be attributed to the loss of moisture and other physically adsorbed
molecules [38,39]. The thermogram for MNPs@Chi (Figure 3b, pink line) showed different
steps of weight loss. The first one (<150 ◦C) was ascribed to the loss of moisture. However,
the other ones, at higher temperatures, were related to the degradation of the organic
structure of the chitosan and represented ca. 22% of the total mass of the nanoparticles.
Furthermore, thermogravimetric for MNPs@Chi/PANI showed a weight loss of 5%, in the
range of 50–200 ◦C, related to the evaporation of water. The second and third events repre-
sent a weight loss of about 12 and 16%, respectively, and were attributed to the degradation
of the polysaccharide chains of chitosan and to the degradation of PANI [30,40–43]. This
analysis verified the appropriate modification of the MNPs with Chi and PANI, with an
organic mass contribution of about 28% of the total mass of the nanocomposite. Our data
showed that PANI presented a small weight contribution (ca. 6%) of the total mass of the
nanocomposite.
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Figure 2. (a) Experimental XRD patterns for bare magnetic nanoparticles (MNPs), hybrid chitosan-
magnetic nanoparticles (MNPs@Chi) and polyaniline coated nanoparticles (MNPs@Chi/PANI).
(b) FT-IR spectra of bare MNPs, Chi, PANI, and MNPs@Chi/PANI.

The surface properties, such as surface area analysis and pore size distribution,
of the MNPs@Chi/PANI were studied using the Brunauer–Emmett-Teller (BET) and
Barrett–Joyner–Halenda (BJH) methods, respectively [44]. Figure 3b shows the N2 adsorp-
tion/desorption isotherm for MNPs@Chi/PANI. The experimental isotherm of the sample
(Figure 3b) showed a hysteresis loop, corresponding to the type IV isotherms according to
the IUPAC classification, and confirmed the presence of a mesoporous structure [45]. Fi-
nally, the BET surface area and the BJH pore size were calculated as being about 83.7 m2 g−1

and 4 nm, respectively.
Finally, the evaluation of the correct synthesis and chemical modification of the MNP

surface was done by studying their interfacial properties by means of CV and EIS. To this,
the MNPs, supported in an SPE with a permanent magnet, were immersed in a 5 mM
ferri/ferro-cyanide ([Fe (CN)6]3−/4−) redox probe solution supplemented with 0.1 M KCl.
Figure 4 shows the voltammogram (Figure 4a) and the Nysquist curves (Figure 4b) for
the different MNP configurations. Therefore, the peak current, in CV, and the semicircle
portion (related to electron transfer processes on the MNPs surface), in EIS, were used as
indicators of the adequate modification of the MNPs. Bare MNPs and the final configuration
(MNPs@Chi/PANI-Hb) were included in this study for comparative purpose. Bare MNPs
showed a lower peak current (ca. 104 µA) and a higher RÇct value (ca. 924.3 Ω). This value
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suggests a relatively sluggish electron transfer process and weaker electrostatic interactions
between hydroxyl groups (-OH), present on the surface of the MNPs, and the redox couple.
On the other hand, chitosan-modified MNPs showed a considerable increase in peak current
(ca. 115 µA) and a decrease in R ct (628.8 Ω). These observations confirmed an enhanced
electron transfer kinetic and stronger electrostatic interactions between the amino group
(-NH2), from chitosan, and the redox probe. With the new MNPs@Chi/PANI configuration,
the peak current further increased (ca. 129 µA), and the Rct value decreased (ca. 279.4 Ω).
This fact implies an improved electron transfer process and stronger electrostatic interaction,
likely due to the enhanced surface area and conductivity properties of the polyaniline shell.
Finally, the Hb-modified MNPs (MNPs@Chi/PANI-Hb), which were deactivated with
BSA, exhibited a slight decrease in peak current (ca. 117 µA) and a slightly increased Rct
value (ca. 406.4 Ω). This result confirmed the adequate immobilization of the Hb and the
deactivation of remanent aldehyde groups (from glutaraldehyde) with BSA, suggesting
that the presence of theses biomolecules may slightly hinder the electron transfer kinetics
and alter the surface interactions with the redox couple.
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Figure 3. (a) Thermogravimetric curves of bare MNPs, MNPs@Chi, and MNPs@Chi/PANI nanopar-
ticles. (b) N2 adsorption/desorption isotherm for MNPs@Chi/PANI (inset: pore size distribution).
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Figure 4. (a) Cyclic voltammograms (scan rate: 50 mV/s) and (b) Nyquist plots of bare MNPs,
MNPs@Chi, MNPs@Chi/PANI, and MNPs@Chi/PANI-Hb in 0.1 M KCl solution with 5.0 mM
[Fe(CN)6 ]3−/4− (working potential: 140 mV vs. pseudoreference Ag electrode; frequency range:
0.1–100 kHz).

3.2. Optimization of Biofunctionalization of the MNPs@Chi/PANI with Hemoglobin

The covalent binding of haemoglobin (Hb) to the MNPs surface was performed using
glutaraldehyde as a linker due to its high reactivity, low cost, and high availability. Glu-
taraldehyde can react with different functional groups of proteins and via different reaction
mechanisms (amine, thiol, phenol and imidazole groups, aldol condensation, Michael-type
addition, among others), generating more stable chemical and thermal crosslinking than
other aldehydes [46].

The correct functionalization of haemoglobin on MNPs@Chi/PANI was optimized by
evaluating the following factors: (1) the pH of the conjugation reaction; (2) the amount of
Hb immobilized; (3) the blocking agents; and (4) the magnetic bead concentration used in
the bioassay.

Figure 5 shows the results obtained after the evaluation of each parameter. The
experimental details for each test are described in Supplementary Materials. The sig-
nal:background ratio (S/B) was used to select the optimum condition.

Figure 5a shows the results of the pH optimization. As can be seen, haemoglobin
bioconjugation at a neutral pH gives the best conditions (being S/B about of 1.3, 2.6,
and 0.87 for pHs 5.5, 7.2, and 9.6, respectively). This may be explained by the fact that
the conjugation pH value is very close to the isoelectric point of Hb, which favours the
insolubilization of the enzyme and therefore its immobilization with glutaraldehyde while
maintaining its conformation and catalytic activity [46].

The evaluation of the amount of haemoglobin used for the modification of MNPs@Chi/
PANI is shown in Figure 5b. It shows that a low and very high protein concentration
promotes nonspecific binding and result in low S/B values. A low protein concentration
favours intramolecular crosslinking, increasing the likelihood that the functional groups of
different glutaraldehyde molecules will react with the same haemoglobin molecule [46].
According to these results, the biofunctionalization of magnetic particles was carried out
with a 4 g L−1 Hb solution defined as the optimum protein concentration.

An essential and indispensable step in any surface modification strategy is the blocking
of the remaining reactive groups after their biofunctionalization with the molecule of
interest. In order to minimize the unspecific binding, four blocking agents, such as 2% BSA,
5% non-fat dry milk, 5% ethanolamine (adjusted to pH 7.4), and 0.5 M glycine were studied
(see Figure 5c). The best results were obtained when using 2% BSA, obtaining almost the
same S/B as with milk (being 3.12 and 3.10, respectively) but with a higher positive signal.
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Figure 5. Evaluation of the optimal conditions for haemoglobin immobilization on MNPs-Chi@PANI.
Optimization of (a) pH of biofunctionalization solution, (b) amount of haemoglobin, (c) blocking
agents, and (d) amount of MNPs-Chi@PANI-Hb. Tests were performed with 0.34 g mL−1 (Positive)
and without (Negative) Hp solution. In all cases, the concentration of reagents was 1 g mL−1 Ab1
and 2 g mL−1 Ab2-ALP.

The concentration of MNPs@Chi/PANI-Hb used in the bioassay was evaluated from
0.4 to 3 mg mL−1. Figure 5d shows that at low MNP concentrations, the electrochemical
response is lower, possibly because this amount is not enough to achieve the total Hp
capture. At MNP concentrations higher than 1 mg mL−1, the electrochemical response
does not change, indicating that the capture of the Hp in the sample is total. Thus, the
optimal MNP concentration was defined as 2 mg mL−1 to ensure that all Hp is retained
on the MPs in samples with concentrations higher than the one used in this optimization
(0.34 µg mL−1).

Finally, the stability of MNPs@Chi/PANI-Hb was estimated by analysing 0.34 ng mL−1

of Hp on different days over a period of one month using the same MNPs@Chi/PANI-Hb
stock, which was stored at 4 ◦C in PBS buffer. The covalent modification of the particles
was stable for at least one month when stored at 4 ◦C in PBS buffer free of stabilizers and
preservatives (Figure S1). After this period of time, both a decrease in the target signal
and an increase in the nonspecific signal were observed, probably due to the binding
of haemoglobin to the functional groups of the particles becoming unstable or due to a
possible denaturation of the haemoglobin.

Other parameters, such as the concentration of the labelling antibody and incubation
time, were optimized, and the results and discussions are shown in the Supplementary Ma-
terials (Figure S2). Moreover, other parameters, such as substrate concentration, enzymatic
reaction time, evaluation of non-specific adsorption, have also been studied (data shown in
Supplementary Materials, Figure S3).
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3.3. Calibration Curve for the Electrochemical Hp Detection

A calibration curve was prepared to evaluate the electrochemical detection of Hp in Tris
buffer in the dynamic range from 0.02 to 0.25 µg mL−1 in triplicate. The mean signal was fit-
ted versus Hp concentration using a linear regression (R2 = 0.996) (see Figure S4 for details).
The sensor sensitivity for the electrochemical Hp was estimated at 76 ± 2 µA/(µg mL−1).
The LOD was defined as the mean signal value of the blank plus three times its standard
deviation (SD) and was estimated by processing eight negative (blank) samples. Thus, the
LOD for bovine Hp in Tris buffer in the electrochemical bioassay was 1.3 ng mL−1.

3.4. Matrix Effect of Milk on Bioassay Performance

Since milk matrices contain a large number of compounds, including sugars, fatty
acids, and some proteins, the effect of this matrix on the assay performance was evaluated.
These compounds could affect the sensitivity of the methods as they interfere or block the
signal due to nonspecific interactions with the surfaces, with the reagents, or even with the
target molecule.

A parallelism test was performed to assess potential matrix effects using a serial
dilution of the study sample. Three Hp samples were prepared in a milk matrix at the same
Hp concentration as the buffer matrix for this study. Consequently, a spiked Hp sample was
prepared, and from it, two 5-fold serial dilutions were prepared. To bring the measurements
within the detection range, a 100-fold dilution of the samples in Tris buffer was performed,
considering the observed sensitivity of the technique from the calibration curve. The same
dilution protocol was applied to the samples prepared in Tris buffer. Figure 6 illustrates
that the signal obtained from the samples prepared in milk is lower compared to the signal
from the Hp samples in the buffer solution. This effect decreases as the concentration of
Hp in the sample increases. This demonstrates that the milk components interfere with
the detection of Hp, resulting in a decrease in the analytical signal, particularly at low and
medium Hp concentrations. The matrix affects the determination of low Hp samples as the
background from the milk endogenous compounds could hinder the Hp determination.
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Figure 6. Matrix effect of milk on bioassay performance, evaluated in absence and in presence (2, 10
and 50 ng mL−1 of Hp). In all cases, the concentration of reagents was 2 µg mL−1 MNPs-Chi@PANI-
Hb, 1 µg mL−1 Ab1, and 2 µg mL−1 Ab2-ALP.

Due to the clear impact of the endogenous components in the sample matrix on
the analyte response, it is recommended to use the same matrix as the sample when
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constructing the calibration curve. Therefore, a new calibration curve was generated using
a milk solution that closely resembles the composition of an actual milk sample (achieved
by diluting milk 100-fold in Tris buffer). This new calibration curve covers the dynamic
range of 0.001 to 0.32 µg mL−1, as it is shown in Figure 7. The data were fitted using a
nonlinear asymmetric regression (R2 = 0.9623), and the LOD for the nonlinear asymmetric
regression was defined as the mean signal value of the blank plus three times its standard
deviation (SD), and was estimated by processing eight negative (blank) samples. This value
was then interpolated from the asymmetric five-parameter equation [47,48]. Thus, the LOD
for Hp detection by the electrochemical bioassay was estimated at 0.031 µg mL−1.

Chemosensors 2023, 11, x FOR PEER REVIEW 14 of 20 
 

 

zero. multiparous 
cows from a 

farm 

Paper-based im-
munochromato-

graphic assay 

Colour inten-
sity 

Hp-specific 
antibody 

Range: 10 to 900 
μg mL−1; 

LOD: 28 μg mL−1. 
Spiked 

- Semiquantitative test by na-
ked eye or quantitative with 
image processing.  

- Compared to commercial 
ELISA. 

[49] 

ITO-based an-
ti-Hp biosensor 

Impedimetric 
biosensor 

Hp-specific 
antibody 

Range: 0.2 to 1 fg 
mL−1; 

LOD: 0.001 fg 
mL−1. 

 Artificial 
serum sam-

ples 

- Bioreceptor (anti-Hp).  
- Stability and storage: more 

than 3 weeks. 
- Recovery in serum: 108% for 

0.2 fg mL−1 and 105.2% for 
0.4 fg mL−1. 

[51] 

Enzyme-mimic 
NP immunoassay, 

enzyme-free 
gold–silver 
core–shell 

nanozyme im-
munosensor  

Colorimetric Hp-specific 
antibody 

Range: 100 to 
1000 pg mL−1; 
LOD: 100 pg 

mL−1. 

Artificial and 
spiked serum 

samples 

- 96-well plate. 
- Low recovery at low concen-

tration. 
[48] 

Electrochemical 
Hp biosensor 

based on 
MNPs-Chi@PANI

-Hb 

Differential 
pulse voltam-

metry  

Haemoglo-
bin 

Range: 0.001 to 
0.32 μg mL−1; 

LOD: 31 ng mL−1. 

Spiked milk 
and real milk 

sample  

- Stability and storage: 3 
weeks. 

- Compared with commercial 
ELISA kit. 

- Tested in real milk samples 
coming from healthy and 
unhealthy cows. 

- High specificity and sensi-
tivity. 

This 
work 

 
Figure 7. Calibration curve for haptoglobin in milk by the electrochemical determinations. (n = 3). 

Figure 7. Calibration curve for haptoglobin in milk by the electrochemical determinations. (n = 3).

The performance of the electrochemical Hp detection was compared to different
bovine Hp detection strategies developed in the last 5 years, as well as to other relevant
works. The main features (assay format, detection system, bioreceptor, detection range,
LOD, and matrix) of each strategy are detailed in Table 1. The reported methods for
Hp detection include different readouts from turbimetric [25,49], colorimetric [50,51] and
(chemi)luminescence [27,52] detection, among others. Moreover, the LOD reported are in
accordance with the complexity of these strategies. For example, the simplest strategies,
such as colorimetry or turbidimetry, report higher LOD than the more sophisticated ones
(milli/micrograms per millilitre vs. nano/picograms per millilitres). On the other hand,
impedimetric or luminescent detection systems have reported extraordinarily high sensitiv-
ity for the detection of Hp (pico/femtograms per millilitre) [27,53]. However, most of them
have been designed for the detection of haptoglobin in bovine serum as this acute-phase
protein is increased during acute inflammation related to respiratory infections. In addition,
many of them have not been tested on real samples. Thus, the method presented here
reports an intermediate detection limit among previous studies; however, the sensitivity
results very adequate for mastitis detection since the normal Hp level in bovine milk is
two orders of magnitude higher than the LOD of the biosensor.
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Table 1. Comparison of different methods developed for bovine haptoglobin detection.

Assay Format Detection System Bioreceptor Detection
Range/LOD Matrix/Sample Description Ref.

Bioassay based on
magnetite nanoparticles Chemiluminescence Haemoglobin

Range: 1 pg mL−1

to 1 µg mL−1; LOD:
0.89 pg mL−1

Milk matrices

- Peroxidase-like
activity and inhibition
due to Hb–Hp
complex formation.
Luminol/H2O2
substrate.

- Sample pretreatment
required: defatted by
centrifugation.

- CL bioassay
compared with bovine
ELISA technique. CL
bioassay
overestimates the
spiked Hp
concentration (both in
buffer and milk
matrices).

[27]

Antibody-modified latex
microparticles

(immunoturbidimetry)
Turbidimetric detection Hp-specific

antibody

Range: 0.250 to
0.016 mg mL−1;

LOD:
0.005 mg mL−1,

LOQ:
0.007 mg mL−1.

Serum from
Holstein cows

- Designed for acute
inflammation
detection.

- Immunoturbid imetric
method compared
with: (a) in-house
SRID: good agreement
with proportional
error and produced
values higher than
SRID method at high
Hp concentrations,
(b) ELISA (Acuvet):
good agreement with
slight constant error,
and (c) colorimetric
method (Tridelta): A
proportional error
found to be
unacceptable.

- Shows interference of
around 25% for
haemoglobin at
1.5 g/L.

[25]

Automated
species-specific

immunoturbidimetric
(IT)

Immunoturbidimetric Hp-specific
antibody

Range: 0.2 to
1.5 g L−1;

LOD:
0.018 mg mL−1,

LOQ: 0.033 g L−1.

Spiked serum
samples

- Comparison to Hp
ELISA kit.

- Slight haemoglobin
interference at 4 g/L
(10%).

- Not affected by icterus
or lipaemia but had
moderate interference
from haemoglobin.

[47]

AlphaLISA technology,
based on amplified

luminescence by the
proximity of donor and

acceptor beads.

Luminescent amplification Hp-specific
antibody

Range: 8 to
533 ng mL−1;

LOQ: 7.9 ng mL−1.
The LOD could not
be calculated since
all values obtained

were zero.

Bovine saliva
cow saliva, and

simple
saliva samples

were taken from
Holstein–Friesen
multiparous cows

from a farm

- Hp in bovine saliva
and to study the
possible changes in
different
inflammatory
situations, such as
peripartum period
and lameness.

- Recovery test 105.15%.

[50]

Paper-based im-
munochromatographic

assay
Colour intensity Hp-specific

antibody

Range: 10 to
900 µg mL−1;

LOD: 28 µg mL−1.
Spiked

- Semiquantitative test
by naked eye or
quantitative with
image processing.

- Compared to
commercial ELISA.

[49]

ITO-based anti-Hp
biosensor Impedimetric biosensor Hp-specific

antibody

Range: 0.2 to
1 fg mL−1;

LOD:
0.001 fg mL−1.

Artificial serum
samples

- Bioreceptor (anti-Hp).
- Stability and storage:

more than 3 weeks.
- Recovery in serum:

108% for 0.2 fg mL−1

and 105.2% for
0.4 fg mL−1.

[51]
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Table 1. Cont.

Assay Format Detection System Bioreceptor Detection
Range/LOD Matrix/Sample Description Ref.

Enzyme-mimic NP
immunoassay,

enzyme-free gold–silver
core–shell nanozyme

immunosensor

Colorimetric Hp-specific
antibody

Range: 100 to
1000 pg mL−1;

LOD: 100 pg mL−1.

Artificial and
spiked serum

samples

- 96-well plate.
- Low recovery at low

concentration.
[48]

Electrochemical Hp
biosensor based on

MNPs-Chi@PANI-Hb

Differential pulse
voltammetry Haemoglobin

Range: 0.001 to
0.32 µg mL−1;

LOD: 31 ng mL−1.

Spiked milk and
real milk sample

- Stability and storage:
3 weeks.

- Compared with
commercial ELISA kit.

- Tested in real milk
samples coming from
healthy and unhealthy
cows.

- High specificity and
sensitivity.

This
work

The validation of the bovine Hp biosensor for mastitis diagnosis was performed by
testing nine bovine milk samples from healthy and sick cows provided by the Department
of Agriculture and Livestock Farming of the Canary Islands Government. The determi-
nation of Hp was performed on the one hand by using a commercial ELISA kit (standard
method) for Hp quantification and on the other hand by an electrochemical biosensor
using the proposed adducts: MNPs@Chi/PANI for the classification of milk as “acceptable”
or “unacceptable”. In both cases, a calibration curve was prepared to estimate the Hp
concentration/mastitis status. In the case of the electrochemical biosensor, a cut-off current
(Icut-off) was defined as the current generated by 10 µg mL−1 of Hp when analysed using
this strategy. This value was based on the milk Hp values reported by Life Diagnostic
Company (Cow Haptoglobin ELISA, Hapt-11; Life Diagnostics Inc., West Chester, PA,
USA). The Hp levels in normal milk ranged from 5.8 to 6.6 µg ml−1, with an average of
6.09 ± 0.33 µg ml−1, while the Hp concentrations in milk from cows with mastitis ranged
from 11.6 to 194.5 µg ml−1, with an average of 121.6 ± 90.7 µg ml−1. This current value
was used to classify real milk sample into two groups: “acceptable” (Isample < Icut-off) or
“unacceptable” (Isample > Icut-off). Table 2 shows the results of the sample quantification
using the standard method (Hp ELISA kit) and their classification obtained with the Hp
biosensing strategy, while Figure 8 shows the sample distribution regarding the cut-off
current (red line). It can be observed that four milk samples coming from healthy cows
were correctly classified as “acceptable” milk (true negatives, corresponding to samples
4, 5, 8, and 9), four milk samples coming from mastitic cows were correctly classified as
“unacceptable” milk (true positives, corresponding to samples 1, 2, 3, and 7), and one milk
sample coming from a mastitic cow was classified as “ambiguous” sample (false negative,
corresponding to sample 6).

Table 2. Quantification of nine bovine milk samples using a commercial ELISA kit and their analysis
using an electrochemical biosensor.

Samples Hp (ELISA) (µg mL−1) * Biosensor Classification

1 21.3 ± 0.9 Unacceptable
2 50 ± 1 Unacceptable
3 46.9 ± 0.3 Unacceptable
4 7.42 ± 0.08 Acceptable
5 7.6 ± 0.3 Acceptable
6 40.9 ± 0.1 Ambiguous
7 47 ± 1 Unacceptable
8 9.0 ± 0.2 Acceptable
9 0.13 ± 0.01 Acceptable

* Hp values above 10 µg mL−1 are indicators of mastitis.
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The metrics of the mastitis screening biosensor were calculated according to the
Contingency Table. Parameter definitions for qualitative validation are described in the
Supplementary Materials. Thus, the electrochemical biosensor for Hp presents 100%
specificity, 80% sensibility, and 88.9% accuracy for mastitis detection in bovine milks based
on Hp determination.

These results show the excellent efficiency of the biosensor in the milk classification by
estimating the concentration of Hp, as demonstrated by comparing it with the standard
method, allowing for the identification of mastitic cows by simple milk analysis. The
electrochemical biosensor let the rapid identification of suspected mastitis cows, their
removal from milking, and subsequent confirmation of the diagnosis. This fact allows for
rapid preventive actions to limit the spread of mastitis to other cows and the avoidance of
disposing large quantities of milk. Thus, its diagnostic capacity and the low LOD achieved
by this strategy are comparable with other published works (Table 1) [26,54].

Many strategies and sensor platforms for the diagnosis of subclinical mastitis have
been described in the literature. However, only a small number of papers have compared
and validated the results obtained versus the Hp standard method. Nirala et al. have
presented a chemiluminescent (CL) assay using Hb as a bioreceptor [27]. The inhibition
of peroxidase activity when Hp binds to Hb was the principle used for Hp quantifica-
tion. This assay presented one of the lowest limits of detection described in the literature
(0.89 pg mL−1). Furthermore, this strategy was compared to the ELISA method, and al-
though the CL method slightly overestimates Hp concentrations in the sample, it has great
potential for use in mastitis diagnosis. Another example is the immunosensor developed
by X. Tan et al. This device incorporated gold electrodes modified with anti-Hp antibod-
ies on L-cysteine self-assembled layers [55]. The sensor exhibited a wide linear range
(15–100 µg mL−1) and an excellent LOD of 0.63 µg mL−1. This strategy was tested on
twenty real samples and compared with an ELISA kit, and although the Wilcoxon single-
rank test showed no significant differences and satisfactory agreement, the authors report
that the assay has practical problems with samples with high Hp concentrations, and there
were differences between both methods that increase with increasing Hp concentrations
(Bland–Altman difference plot showed R = 0.3304; slope −0.1255). Similar results were
reported by M. Akerstedt et al. in the development of an affinity sensor for Hp based on
SPR technology, showing an LOD of 1.1 µg mL−1 [26]. They found good agreement during
the analysis of milk samples and the comparison of the results with the standard method.
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However, biosensor results were generally lower than ELISA, and the difference between
the two methods seemed to increase with increasing Hp concentrations. Moreover, the
Wilcoxon single-rank test indicates that the two methods disagree significantly (p < 0.001).
Another simple and promising work was the colorimetric origami paper device presented
by X. Weng et al. [51]. This is a paper-based test for the rapid detection (10 min total assay
time) of Hp within a concentration range of 10 to 400 µg mL−1 with a LOD of 28 µg mL−1.
This assay has been tested and used for the detection of Hp in serum samples and com-
pared with ELISA detection showing excellent agreement and satisfactory recoveries (from
104–110%). However, no sample milks were tested.

Finally, the repeatability and reproducibility of Hp detection was calculated by mea-
suring an Hp sample of 0.34 µg mL−1 Hp six times for one week to estimate each parameter.
The relative standard deviation for the same Hp sample measurements performed on the
same day (repeatability) was 6.7%, while the reproducibility (relative standard deviation of
the means obtained on different days) was 11.8%.

4. Conclusions

Chitosan-modified magnetic particles coated with haemoglobin-modified polyaniline
(MNPs@Chi/PANI-Hb) were synthesized and characterized for their integration into a
sensitive electrochemical bioassay for the early mastitis detection by using the haptoglobin
in bovine milk. Our data confirmed the adequate synthesis, biofunctionalization, and
application of the proposed nanocomposite for Hp biosensing applications. The accuracy
and validation, with real samples, of the bioassay were evaluated and compared with
the ELISA standard method for Hp, demonstrating the excellent predictive capacity of
the biosensing strategy. According with these results, the proposed method could be a
promising diagnostic tool for the early detection of bovine mastitis and may reduce its
economic impact on the dairy industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors11070378/s1. Figure S1. Stability of MNPs@Chi/PANI-Hb. Each measurement
was performed in triplicate with 0.34 g mL−1. The upper and lower dashed lines correspond to
the (Mean ± SD)Day 1.; Figure S2. Evaluation of the incubation times and the secondary antibody
concentration. (a) Incubation steps of target isolation and labelling for 10, 20, 30, and 40 min each.
(b) Labelled antibody (Ab-ALP) optimization evaluated from 0.2 to 10 µg mL−1. Tests were performed
with 0.34 g mL−1 (positive) and without (negative) Hp solution. In all cases, the concentration of
reagents was 200 µg MNPs-Chi@PANI-Hb and 1 g mL−1 Ab1. Figure S3. Enzymatic reaction
optimization. (a) Specific and nonspecific binding of the antibodies to the components of the assay
in presence and absence of the target; (b) Reaction progression of 1-naphthyl hydrolysis by alkaline
phosphatase enzyme; (c) Enzymatic substrate optimization (1-naphthyl concentration) evaluated in
presence and absence of Hp (1µg mL−1). Figure S4. Calibration curve for haptoglobin in Tris buffer
by the electrochemical determinations (n = 3).; Table S1. Optimization of the enzymatic substrate.
Current obtained for the four naphthyl phosphate concentration in presence (1 g mL−1) and absence
(negative control) of haptoglobin.; Table S2. Design of the contingency table and organization of the
validation information for estimating quality parameters of the assay [56–62].
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