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A B S T R A C T   

A modified screen-printed carbon electrode (SPCE) has been designed and fabricated for the determination of 
malondialdehyde (MDA), an important biomarker of oxidative stress. Magnetic graphene oxide (MGO) was 
synthesized and coated by a molecularly imprinted polypyrrole (MIPy) for the preparation of a novel hybrid 
nanomaterial (MGO@MIPy). The nanocomposite has been characterized using different spectroscopic and im
aging techniques. The coupling of MIPy with MGO allows the exploitation of the magnetic properties of the 
material for separation, preconcentration and manipulation of analyte which is selectively captured onto the 
MIPy surface of the nanocomposite. Besides, the derivatization of MDA with diaminonaphtalene (DAN) was 
carried out, resulting in a more electroactive molecule (MDA-DAN). MDA-DAN was used as template in the 
synthesis of MIPy. SPCEs were employed to monitor the differential pulse voltammetry (DVP) levels of the 
material, which is related to the amount of the captured analyte. Under optimum conditions, the nanocomposite- 
based sensing system has proved to be suitable for the monitoring of MDA, presenting a wide linear range 
(0.01–100 µM), high sensitivity (experimental LOQ = 0.01 µM) and precision (RSD = 4%). For validation 
purposes, three chicken serum samples were analysed by external calibration, obtaining recoveries values close 
to 100% for all the spiked tests. Finally, the developed electrochemical sensor demonstrated to be adequate for 
bioanalytical application, presenting an excellent analytical performance for the routine monitoring of MDA in 
serum samples.   

1. Introduction 

Malondialdehyde (MDA) is a resultant product of lipid peroxidation, 
which has been widely used as biomarker for oxidative stress in medical 
diagnostic [1,2]. MDA can be found in biological samples such as 
plasma, serum, saliva, and urine [3–6], which arises from the oxidative 
degradation of polyunsaturated fatty acids [7]. MDA represents an 
important risk to the health of animals, including human beings, 
because of its reactivity with peptides, DNA, and nucleic acids [8,9]. It 
has been demonstrated that this molecule is involved in several serious 
human diseases such as diabetes, heart disorders, and cancer [9–11]. 
Therefore, the development of analytical methods for the determination 

of MDA in biological samples is essential. Different techniques have been 
applied in a variety of matrices for this purpose: chromatography 
[2,12–14], spectrofluorometry [15], and spectrophotometry [16]. 
However, the application of these analytical methods is often limited 
due to their high cost and involve time-consuming sample pre-treatment 
processes. Consequently, electrochemical sensors have become an 
important alternative, being easy for miniaturization and monitoring, 
low cost and high sensitivity [17,18] their most relevant advantages. 
These sensors incorporate recognition elements integrated with elec
trode that lead to an electrochemical signal upon analyte recognition. 
Due to the low electroactivity of MDA, there are few reports in the 
literature on its electrochemical determination [19–22]. These works 
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used a glass carbon, Poly arginine-graphene quantum dots-chitosan, 
self-assembled riboflavin-taurine coupled with silver nanoparticles, 
multiwalled carbon nanotubes (MWCNTs) and gold surface modified by 
taurine film as transducing systems. 

Molecular imprinting technology is a technique for the preparation 
of polymer-based adsorbents. In this approach, the functional monomer 
is polymerized in the presence of the target molecule (template) so that 
specific recognition sites are formed during the polymerization process. 
A large variety of methods for preparing molecularly imprinted poly
mers (MIP) can be found in the bibliography, and all of them rely on 
three basic steps: the formation of a complex by covalent or non- 
covalent bonding between the template molecule and the monomer; 
the polymerization process itself, and finally, the elution or elimination 
of the template from the polymer using electrochemical or chemical 
conditions to break the existing interactions between the template and 
the polymer. As a result, three-dimensional sites with similar size and 
shape as the target molecule are created. These specific sites are avail
able for the recombination with the template molecule when this ma
terial is applied in the analysis of standard solutions and samples 
[23,24]. Molecularly imprinted polymers (MIPs) have been successfully 
applied for the determination of proteins, monosaccharides and drugs 
[25,26], and they have proven to be suitable as recognition elements in 
electrochemical sensors [27]. For electrochemical applications, the 
electrical properties of the elements involved in the MIP synthesis need 
to be adequate. For this reason, the use of conducting polymers or 
“synthetic metals” is critical. This kind of materials combines the 
properties of a polymer with the electric conductivity of a metal or a 
semiconductor, presenting a high number of conjugated double bonds in 
the structure. Among these polymers, polypyrrole (PPy) presents 
excellent advantages such as high electron-transfer capacity, simple 
preparation, low cost, stability, low toxicity and insolubility in water 
[27]. PPy can interact with organic and inorganic molecules via its 
extended aromatic structure and dipole moment. Some analytical 
methods based on conductive polymers for the preparation of MIPs have 
been previously reported, for example, for the determination of salicylic 
acid [27] and proteins [28] in biological samples, and organophosphates 
in environmental samples and agricultural products [29]. 

In recent years, the use of molecular imprinting technology has been 
extended to numerous research fields because of its advantages 
mentioned above [30,31]. Despite this, the electrochemical application 
of MIPs can be limited by long response times, poor electrocatalytic 
activity, and low sensitivity [32]. To compensate these disadvantages 
and improve electron-transfer capacity, some authors have reported the 
use of some well-known materials including graphene [33], carbon 
nanotubes (CNTs) [34], gold nanoparticles (Au NPs) [35], and graphene 
oxide (GO). GO is a monolayer material with an extended π-π system 
which has been widely used by researchers because of its adsorbent 
properties and ease of functionalization [36]. However, despite these 
improvements, other drawbacks in the preparation of MIP sensors, such 
as binding capacity, and problems to renew the spent MIP films have 
also been claimed. To solve these drawbacks, magnetic molecularly 
imprinted polymers have been shown to provide an effective way for 
immobilization and MIP renewal from the solid support. This kind of 
polymers bears selectivity due to its recognition element, and facilitate 
preconcentration, separation and manipulation of the analyte due to 
their magnetic properties. Several magnetic nanomaterials can be pre
pared with iron, nickel or cobalt for this use, being iron the most com
mon substance due to their low-toxicity, biocompatibility, physiological 
stability and chemical properties, and high magnetic response [36,37]. 

In our case, the carrier was magnetic graphene oxide (MGO), which 
was fabricated by coupling of both CoFe2O4 nanoparticles and GO in a 
material that combine their excellent individual characteristics and 
properties [38]. A new nanocomposite material based on MGO and 
molecularly imprinted polypyrrole (MGO@MIPy) was designed to 
detect MDA specifically with extraordinary sensitivity and selectivity. 
MDA was derivatizated with diaminonaphtalene (DAN), resulting in a 

more electroactive molecule (MDA-DAN). In order to create the specific 
sites for MDA-DAN recognition, the correct interaction of the template 
with carrier and the monomer during the synthesis of the material is 
crucial. For this reason, MGO and PPy were also selected, presenting an 
aromatic domain compatible to interact with MDA-DAN throught π-π 
interactions during the synthesis of MGO@MIPy. HPLC, tandem mass 
spectrometry (MS-MS), UV–vis spectrophotometry, transmission elec
tron microscopy (TEM), X-ray diffraction (XRD), and differential scan
ning calorimetry-thermogravimetric analysis (DSC-TGA) were applied 
to characterize the template and the proposed hybrid nanomaterial. The 
magnetic properties of MGO@MIPy were used for the easy and rapid 
modification of the SPCEs surface. On the other hand, differential pulse 
voltammetry (DVP) was the selected electrochemical technique to 
monitor the whole material on disposable SPCEs, which is related to the 
amount of the captured analyte on the surface of the material. The 
developed electrochemical sensor demonstrated to be adequate for 
bioanalytical applications, presenting an excellent analytical perfor
mance for the routine monitoring of MDA in serum samples. Finally, and 
to the best of our knowledge, no previous reports of a magnetic 
molecularly imprinted polypyrrole material for the electrochemical 
determination of MDA in biological samples was found, thus being this 
work a pioneering one in this area. 

2. Experimental 

2.1. Instrumentation 

Electrochemical measurements were conducted by using a CHI842D 
electrochemical analyzer controlled by Chi842d software from CH In
struments (Austin, TX, USA). A three-electrode cell configuration was 
applied for the connection of the screen-printed carbon electrodes 
(SPCEs, DRP-110) from Dropsens (Oviedo, Spain) (a working carbon 
electrode of 4 mm diameter, a carbon counter electrode and a silver 
pseudo reference electrode). An interface DRP-BICAC70311 was used 
between the potentiostat unit and the screen-printed electrode. 

The correct template preparation was verified by liquid 
chromatography/quadrupole-time-of-flight 6545 LC/Q-TOF from Agi
lent technologies (Santa Clara, CA, USA) and Secomam Uvi Light XS 2 
spectrophotometer (Alés, France). The template was purified by using a 
combination of a modular LC Jasco system (Easton, MD, USA) consisting 
of an LC ternary pump (PU-2080 Plus), Sampler (AS-2055 Plus), column 
oven (CO-2065 Plus), a circular dichroism detector (JASCO CD-2095 
PLUS), Agilent LC analytical column (model Sorbax Eclipse XDB-C18, 
150 mm × 4.6 mm i.d., 5 µm particle size), and a Cole-Parmer micro
computer Controlled Fraction Collector CHF122SC with a 120 positions 
tray (Chicago, IL, USA). Data were acquired and the equipment 
controlled using CHROMNAV software, which was run under Microsoft 
Windows XP on an IBM compatible personal computer. 

XRD patterns were measured on Philips model X’Pert MPD diffrac
tomer using CuKα source (λ = 1.5418 A), programmable divergence slit, 
graphite monohromator and proportional sealed xenon gas detector. 
TGA and DCS graphs were obtained by Q50 and Q600 from TA in
struments respectively. X-ray photoelectron spectroscopy (XPS) analysis 
were performed with a Physical Electronics ESCA 5701 instrument 
(Chanhassen, MN, USA); binding energies were observed, considering 
the position of the C 1 s peak at 284.8 eV. The residual pressure in the 
analysis chamber was maintained below 3 × 10− 9 Torr during data 
acquisition. The microstructures of the new materials were observed and 
studied by transmission electron microscopy (TEM) JEOL, JEM-1400 
(Peabody, MA, USA). 

A Selecta ultrasound bath (Barcelona, Spain), a Hewlett Packard 
5890, Series II gas chromatograph (WA, USA) and microcentrifuge 
Biosan Microspin 12 from LabNet Biotecnica S.L. (Madrid, Spain) were 
also used. 
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2.2. Solvents, reagents and samples 

All aqueous solutions were prepared with analytical grade reagents 
and deionized water purified with a Milli-Q system from Millipore 
(Bedford, MA, USA) that reaches a resistivity of 18.2 MΩ⋅cm at 25 ◦C. 
Stock standard solution of Malondialdehyde bis(dimethyl acetal) was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). For MGO and 
MGO@MIPy preparation, cobalt (II) chloride hexahydrate 
(CoCl2⋅6H2O), iron (III) chloride hexahydrate (FeCl3⋅6H2O), g-meth
acryloxypropyltrimethoxysilane (g-MPS), methacrylic acid (MAA), 
ethylene glycol dimethacrylate (EGDMA) and 2,2́-azobisisobutyronitrile 
(AIBN) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Graphite, sodium nitrate, potassium permanganate, hydrogen 
peroxide, sodium sulphite, tetraethyl orthosilicate (≥98%), 3-Amino
propyltriethoxysilane (≥99%), sulphuric acid (≥99%), hydrochloric 
acid (37%), methanol (≥99%), pyrrole (≥98%), 1,8-Diaminonaphtalene 
(≥98%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). For 
template purification, ethanol (≥96%), acetonitrile (≥99%), formic acid 
(≥95%) and ammonium acetate (≥99%) were used as phase mobile and 
acquired from Merk (Darmstadt, Alemania). For sample preparation and 
electrochemical measurement, HCl was used as electrolyte and a lipid 
peroxidation (MDA) assay kit containing phosphotungstic acid solution 
(≥99%) and Butylated hydroxytoluene (BHT) (≥99%) was purchased 
from Merk (Darmstadt, Alemania). All solutions were stored in darkness 
at low temperature (-5◦C) until use, except for the three chicken serum 
samples, which were stored in darkness at − 80 ◦C. Working solutions 
were daily prepared by derivatizing with DAN 5.8 mM solution prepared 
in HCl 2.4 M. 

2.3. Synthesis of magnetic graphene oxide 

CoFe2O4 nanoparticles were prepared in aqueous solution by 
following a previous reported method [39]. 10 mL water was used to 
dissolve 0.54 g FeCl3⋅6H2O and 0.238 g CoCl2⋅6H2O, resulting in an 
aqueous solution. 1.2 g NaOH were dissolved in 10 mL water and added 
into the prepared solution under stirring at 80 ◦C. The stirring was 
continued for 30 min and cooled to room temperature and the precipi
tate was isolated in a magnetic field, and washed wish water three times. 
To modify the magnetic nanoparticles, tetraethyl orthosylicate (TEOS) 
(8 mL) was dissolved in ethanol (200 mL) and sonicated for 5 min. The 
pH of the solution was then adjusted to 4.5 using glacial acetic acid, and 
the solution was transferred to a round-bottom flask containing 1 g 
CoFe2O4 nanoparticles previously prepared. The resulting suspension 
was sonicated and stirred at 60 ◦C for 120 min. After this time, the 
suspension was decanted/filtered and the solid material was washed 
with deionized water two times followed by methanol, and vacuum- 
dried at room temperature. These silica-coated MNPs were dissolved/ 
suspended in 150 mL of a 1% solution of 3-aminopropyltriethoxysilane 
(APTES) in 95% ethanol. The pH of this solution was adjusted to 4.5 with 
glacial acetic acid and stirred at 60 ◦C for 120 min. The obtained coated 
magnetic nanoparticles were then washed with deionized water three 
times, twice with methanol and vacuum-dried at room temperature. 

GO was prepared according to a modified Hummers method [40]. 
The synthesis started by adding 0.5 g of graphite and 0.5 g of sodium 
sulphite, and the mixture was dispersed in 23 mL of concentrated sul
phuric acid into 100 mL Erlenmeyer flask in an ice bath. It is important 
to remark that the temperature was maintained below 20 ◦C. This 
mixture was stirred for 4 h. After that, 3.0 g of potassium permanganate 
were added slowly to the reaction mixture and stirred the mixture for 1 
h. After this hour, the ice was removed, and the reaction was stirred 
another hour more and heated at 35 ◦C. After this step, 46 mL of 
deionized water were added. The resulting reaction was stirred and 
heated at 95 ◦C for 2 h without allowing the mixture to boil. Subse
quently, turn off the heater and allow it to cool in room temperature. 
Then, 100 mL of deionized water were added and stirred the mixture for 
1 h. Now, 10 mL of 30 % hydrogen peroxide were added for 1 h with 

constant stirring. Finally, GO was formed, and the product was washed 
with deionized water several times until the pH became neutral, indi
cating the final product does not contain residual salts and acids. 

500 mg of GO were suspended in ethanol (50 mL), and 500 mg of 
coated CoFe2O3 nanoparticles were added to this suspension. The 
mixture was sonicated for 10 min and the refluxed for 48 h. In this way, 
part of the MNPs were covalently attached to the GO sheet through an 
amide bond, which is formed by condensation between the acid groups 
of the GO surface and the amine groups of the MNPs. The resulting 
material was separated from the solution by using a permanent magnet. 

2.4. Preparation of MDA-DAN solutions and purification of the template 

A 5.8 mM solution of DAN in HCl 2.4 M was sonicated for 15 min and 
stored for one night at 4 ◦C. The resulting suspension was then centri
fuged, and the supernatant was stored at 4 ◦C. This solution was found to 
be stable for at least one week at 4 ◦C. A separate 1 M solution of 
malondialdehyde bis(dimethyl acetal) was prepared by diluting the 
commercial 6.1 M solution in methanol. Standards in the 0.01–100 µM 
range were prepared daily by dilution of a 1 mM stock solution of MDA, 
and derivatized with DAN under acidic conditions through a previously 
reported procedure to give the corresponding naphtodiazepinium 
chloride [41]. Briefly, malondialdehyde bis(dimethyl acetal) standard 
solutions were hydrolyzed in situ to form MDA under acidic conditions. 
Then, 900 μL of DAN solution prepared in HCl were added to the MDA 
solution. The final volume was then adjusted to 1 mL with deionized 
water and the reaction mixture was kept at 37 ◦C for 180 min. The 
formation of DAN/MDA was confirmed through MS/MS and UV–Vis 
analysis. 

In order to avoid interferences in the MGO@MIPy synthesis, an 
additional separation process was conducted when MDA-DAN solution 
was used as template; thus, 125 µL of malondialdehyde bis(dimethyl 
acetal) 1 M solution was derivatized with 25 mL of 5.8 mM DAN in 2.4 M 
HCl under the previously described conditions to afford a 5 mM MDA- 
DAN solution. The MIPs synthesized with low-purity templates often 
suffer from several drawbacks such as lack of selectivity and sensitivity. 
The impurities or interferences with similar structures compete with the 
template in the formation of imprinting complex before polymerization, 
therefore reducing the recognition ability toward the target molecule 
and disturbing the interaction of the target template and the functional 
monomer [42]. For this reason, the resulting MDA-DAN solution was 
then partitioned into 500 uL portions and purified through HPLC using a 
fraction collector. 100 injections of 100 µL (5 per chromatographic vial) 
were conducted, yielding 100 mL of pure MDA-DAN acetonitrile solu
tion. The HPLC and collector conditions are summarized in Table 1. 
Three different solutions were involved in the chromatographic gradient 
(acetonitrile 99%, ammonium acetate 30 mM and formic acid solution at 
pH 2), which were previously used for MDA-DAN HPLC analysis [41]. 
Wash solution was ethanol/water (80/20 v/v). Finally, a N2 current and 
a water bath at 80 ◦C was used to preconcentrate by acetonitrile evap
oration from 100 mL to 3 mL (final concentration 17 mM). The 

Table 1 
HPLC-Collector conditions.  

Injection volume/μL 100 

Column temperature/◦C 50 ± 1 
Mobile phase flow rate/mL⋅min− 1 1.0 
Wavelenght/nm 311 
Total run time/min 16.0 
Window time/min 10.0–11.0 
Column Eclipse XDB-C18 4.6x150 mm 
Mobile phase A Acetonitrile 99% 
Mobile phase B Formic acid pH 2 
Mobile phase C 30 mM ammonium acetate 
Gradient program 10.0%A, 45%B, 45%C 8.0 min 

100%A 3.0 min 
10.0%A, 45%B, 45%C 5.0 min  
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preconcentrated final solution was analyzed by means of UV–Vis spec
troscopy for confirmation. 

2.5. MGO@MIPy synthesis 

MGO@MIPy synthesis was conducted according to a previously re
ported procedure [27]: 1.5 mL of purified MDA-DAN solution (equiva
lent to 5 mg of MDA-DAN) was added to a solution of 25 µL of pyrrole 
monomer in 0.5 mL of acetonitrile. In parallel, 30 mg of MGO was 
suspended in 10 mL of HCl 10% solution and sonicated for 20 min. This 
suspension was then added to the previous pyrrole solution, maintaining 
stirring for 10 min. Separately, 120 mg of FeCl3 was dissolved in 1 mL 
HCl 10% and added dropwise. After 10 min of stirring, the obtained 
material was washed four times with ethanol: acetic acid (1:1, v/v) 
while using an external magnetic field, and then dried at 80 ◦C. The 
magnetic molecularly non-imprinted polypyrrole (MGO@NIPy) was 
prepared analogously to MGO@MIPy, but without the MDA-DAN tem
plate. The resulting material was characterized with XRD, FTIR, TEM 
and TGA. The synthesis process can be observed in Fig. 1. 

2.6. Sample preparation 

20 µL of serum sample were gently mixed with 500 µL of 42 mM 
sulfuric acid in a microcentrifuge tube. 125 µL of phosphotungstic acid 
solution was added and mixed by vortexing. The suspension was incu
bated at room temperature for 5 min and then centrifuged at 13,000 rpm 
for 3 min. In a separate tube, 2 µL of BHT was added to 100 µL of water. 
The resulting pellet was resuspended on ice with the water/BHT solu
tion. Finally, to form the MDA-DAN adduct, DAN in 2.4 M HCl solution 
was added into the vial containing sample to adjust the final volume 
from 100 µL to 1 mL. The solution was incubated at 37 ◦C for 180 min. 

2.7. Sensor modification and measurement 

A 0.5 g⋅L-1 suspension of MGO@MIPy was prepared in ethanol and 
sonicated for 20 min. Separately, a Nd/Fe/B magnet was fixed on the 
back of the screen-printed carbon electrodes by using a double face 
adhesive tape. Then, 2.5 µL of the suspension previously prepared was 

deposited to cover the working electrode surface. As a result, the ma
terial was retained by the external magnetic field and the working 
electrode surface was modified. Finally, ethanol was evaporated using 
heated air. After the surface modification, the screen-printed electrode 
was connected to the electrochemical analyser. Then, a 50 μL drop of 
standard or sample was deposited onto the electrode. Differential pulse 
voltammetry (DPV) was the electrochemical technique used for MDA- 
DAN determination, and the experimental conditions were the 
following: initial E of 0.7 V, final E of 1.0 V, 0.05 V amplitude, pulse 
width 0.05 s, pulse period 0.5 s and quiet time 2 s. The electrochemical 
experiments were performed at room temperature. 

3. Results and discussion 

3.1. Template characterization results 

8 μL of a non-purified solution containing derivatized MDA was 
injected in LC/Q-TOF to obtain the MS/MS spectrum. The peaks 
158.0844 and 194.0844 were found, corresponding to the compound 
C10H10N2 (DAN excess) and C13H10N2 (MDA-DAN) with > 95% score. 
The reported chromatographic method separated adequately MDA-DAN 
from the excess of DAN, and the distance between retention times and its 
repeatability allows the purification by HPLC-collector coupling. The 
chromatogram can be observed in supplementary material (Fig. S1). 
UV–vis spectra of MDA-DAN solution were obtained before and after 
purification process and compared with DAN solution spectrum (in 
280–350 nm range). According to bibliography, MDA-DAN presents a 
characteristic spectrum with two peaks at 311 and 326 nm[41], while 
DAN spectrum is quite different, appearing an absorption band at 280 
nm. As can be observed in Fig. S2, there was a middle situation in non- 
purified MDA-DAN solution spectrum, presenting characteristic bands 
of both DAN and MDA-DAN adduct. In purified MDA-DAN spectrum, 
there was no absorption band associated with DAN. Therefore, the pu
rification process was succeeded, eliminating DAN excess from the 
solution. 

Fig. 1. Synthesis of MGO@MIPy.  
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3.2. MGO and MGO@MIPy characterization results 

All prepared materials were analyzed through different techniques. 
XRD indicated that the magnetic nanoparticles remained stable 
throughout the whole polymerization process, as can be seen from the 
diffractions showed in Fig. 2, at 30.2◦, 35.5◦, 43.1◦, 45.0◦, 53.5◦, 57.1◦

and 62.4◦ are observed, all corresponding to cobalt-iron oxide 
nanoparticles. 

The atomic composition was studied through XPS. Graphene- 
supported magnetic nanoparticles showed the expected peaks for C, Fe 

and Co (not shown in the picture for clarity); modification with poly
pyrrole, either molecularly imprinted or not, originated the appearance 
of N1s peak, corresponding to the polymer. As can be observed in Fig. 3, 
the depth profile of the material revealed that upon argon bombard
ment, the percentage of carbon decreased from 42% to 26%, while iron 
and cobalt increased from 4.5% and 5.4% to 15% and 11.5%, respec
tively. Nitrogen concentration remained unaltered, suggesting that the 
polymer layer surrounded the magnetic nanoparticles, thus yielding a 
constant percentage of this element. 

TEM images showed that MGO consists of an agglomerate of Fe-Co 

Fig. 2. XRD spectra MGO, MGO-NMIP and MGO-MMIP. Refraction planes are depicted above each peak.  

Fig. 3. XPS profiles of a) unmodified magnetic graphene oxide (MGO), b) magnetic graphene oxide modified with non molecularly imprinted polypyrrole (MGO- 
NMIP) and c) magnetic graphene oxide modified with molecularly imprinted polypyrrole (MGO-MMIP). d) Depth profile of MGO-MMIP sample before (black bars) 
and after (striped bars) bombardment with Ar + ions for 0.5 min. 
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nanoparticles with graphene sheets intercalated among them (Fig. 4a, 
4b and 4c). Upon formation of the polypyrrole polymer, an additional 
layer of material can be seen, especially in Fig. 4c, which embeds both 
the nanoparticles and the graphene fragments. This arrangement can be 
seen more clearly in the high-angle annular dark field, HAADF-TEM 
images (Fig. 4d, 4e and 4f), in which the nanoparticles are depicted in 
yellow, as they are composed of iron (red) and cobalt (green). The bare 
nanomaterial forms spherical nanoparticles with graphene sheets be
tween them (Fig. 4a). In the polypyrrole material, both in the non- 
molecularly imprinted (4b) or imprinted (4c), the polymer acts as a 
matrix that embeds the nanoparticles and the graphene sheets, forming a 
conductive hybrid material that could explain the electrochemical 
behaviour of the electrode and its high sensitivity towards the analyte. 

DSC-TGA analysis showed two evaporation peaks at temperatures 

depicted in Fig. S3. The first peak was assigned to sample moisture, and 
the second one, to the evaporation of APTES from the coating of the 
magnetic nanoparticles. MGO sample showed a steep weight loss at 
750 ◦C, which was assigned to the decomposition of the graphene sheets. 
In the polypyrrole-coated samples, however, the expected maximum 
weight loss at around 350–450 ◦C for the polymer was not present. 
Instead, a progressive weight loss was observed during all the temper
ature range, with a steep loss from 700 ◦C onwards. This behaviour was 
attributed to a more controlled heat absorption through the graphene 
sheets and the nanoparticles that prevented a sudden weight loss as in 
the case of polypyrrole alone. 

Fig. 4. TEM images of a) unmodified MGO, 200 nm b) MGO-NMIP 200 nm and c) MGO-MMIP 200 nm. HAADF -TEM images of d) unmodified MGO, 100 nm e) 
MGO-NMIP, 200 nm and f) MGO-MMIP, 100 nm. 

Fig. 5. a) Differential pulse voltammograms of DAN and non-purified MDA-DAN solutions using MGO@MIPy as surface modifier and b) Peak height obtained when a 
MDA-DAN 0.1 mM solution was measured, comparing the signal of regular carbon electrodes and the signal obtained using MGO, MGO@NIPy and MGO@MIPy as 
surface modifiers. 
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3.3. Electrochemical behaviour 

MDA was determined by using DPV technique. In order to assign 
correctly the electrochemical peak of MDA-DAN, a non-purified MDA- 
DAN 0.1 mM solution voltammogram was compared with, and a blank 
solution containing DAN (Fig. 5a). In both experiments, the current 
profile was studied from − 1.4 V to 1.4 V, HCl 2.4 M was used as elec
trolyte and the working electrode surface was modified with MGO@
MIPy. As can be seen in Fig. 5a, blank and non-purified MDA-DAN 

solutions presented an oxidation peak between 0 and 0.5 V. According to 
the investigation developed by G. Wang, this electrochemical behaviour 
can be observed in DAN molecules and derivatives [43]. Therefore, this 
peak can be assigned to DAN due to the presence of this molecule in both 
solutions. Besides, an additional oxidation peak at 0.85 V in MDA-DAN 
spectrum can be observed. Therefore, the potential range 0.7–1.0 V was 
selected for the determination of MDA-DAN. The current profile of 
regular carbon electrode and modified carbon electrodes using GO and 
MGO as modifiers were performed in 0–1.0 V range (Fig. S4). No 

Fig. 6. DPV responses of calibration standards.  
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electrochemical peak can be seen in the voltammograms corresponding 
to GO and MGO, demonstrating that there is no signal contribution of 
those materials to the current profiles of DAN (blank solution) and non- 
purified MDA-DAN voltammograms in the studied range. In addition, 
the signal behaviour when the electrode surface was modified with 
different materials is shown in Fig. 5b. For this purpose, MDA-DAN 0.1 
mM solution was measured using HCl 2.4 M as electrolyte, comparing 
with the signals obtained when MGO, MGO@NIPy and MGO@MIPy 
were used as modifiers. The signal with MGO was greater than the signal 
obtained with the regular carbon electrode, from 10 to 14 µA (a signal 
increasing of 40%). The oxidation peak was even greater and pro
nounced when the electrode surface was modified with MGO@NIPy (15 
µA) and MGO@MIPy (18 µA), a signal increasing of 50% and 80%, 
respectively (referenced to the oxidation peak obtained with the regular 
carbon electrode). The presence of PPy in the material increased the 
electrochemical signal, and MGO@MIPy presented the highest peak. It 
can be concluded that the sensibility of the sensor was improved when 
the magnetic imprinted material was used as modifier. 

3.4. Optimization results 

The following parameters were optimized by using a univariant 
strategy, changing one parameter and keeping the other constant: The 
proportion magnetic carrier/template (w/w) during MGO@MIPy syn
thesis, electrolyte concentration, drop volume and amount of surface 
modifier. For optimization purpose, a 0.1 mM MDA-DAN solution was 
measured to perform the experiments, using peak height as the analyt
ical response and HCl 2.4 M as electrolyte (except for the optimization 
electrolyte concentration). The experimental conditions for electro
chemical measurement were the same mentioned above in experimental 
section. 

For the optimization of the proportion magnetic carrier/template 
(w/w), 30 mg of MGO remained constant and the synthesis was per
formed separately with 0, 0.5, 1, 2, 5 and 10 mg of template. The 
resulting material with 0 mg of template is also called MGO@NIPy. 
Then, the MDA-DAN solution was measured by using the different 
synthesized materials, and the results are shown in Fig. S5a. As can be 
observed, the electrochemical signal increased from 0 to 5 mg, 
remaining constant from 5 to 10 mg. This behaviour demonstrated that 
the specific sites for the recognition of the analyte were adequately 
generated, increasing the number of available sites, and reaching the 
maximum when 5 mg or superior amount of template was used. 
Therefore, 5 mg was selected as the optimum amount of MDA-DAN to 
perform the synthesis. 

The electrolyte concentration was also optimized. For this purpose, 
MGO@MIPy was used as modifier and the measuring conditions were 
maintained except for the HCl concentration, studied in the 0.1–3.0 M 
range. The results can be observed in Fig. S5b, the electrochemical signal 
increased from 0.1 to 1.2 M and remained constant from 1.2 to 3 M. 
Consequently, 900 μL of DAN solution in 2.4 M HCl was used to prepare 
standard and samples with a final volume of 1 mL (resulting in 2.2 M 
HCl), forming the MDA-DAN adduct and adjusting the electrolyte con
centration into the optimum range simultaneously. 

The amount of surface modifier and drop volume were also studied 
in the 25–50 μL and 1.25–15 μg ranges, respectively. However, a non- 
significant change during the optimization process was observed. 
Therefore, the minimum amount of material to modify adequately the 
working electrode surface was selected, corresponding to 1.25 μg (2.5 μL 
of 0.5 g⋅L-1 MGO@MIPy suspension). Besides, 50 μL of drop volume was 
selected in order to cover easily the three electrodes during the 
measurement. 

3.5. Figures of merits and application 

After optimization, analytical features of the reported sensor were 
determined. The calibration curve was prepared in the range of 0.01 μM 

– 100 μM (Fig. 6) and the signal was studied by using the peak height 
(μA), presenting the following linear calibration: Ip = 0.1867 ⋅ CMDA-DAN 
– 0.2893 (r2 = 0.998). For reproducibility evaluation, four electrodes (n 
= 10) were used to measure a standard MDA-DAN solution 50 µM and 
calculate the relative standard deviation (RSD), providing a 4%. LOQ of 
the method was not calculated with the classical signal-to-noise ratio. 
Alternatively, other criteria can be used by authors, defining the low 
limit of quantification (L-LOQ) as the minimum level of MDA-DAN 
which presents good linear relationship [19]. Therefore, the standard 
corresponding with the minimum MDA-DAN concentration of the linear 
calibration was selected as the L-LOQ of the method (0.01 μM). Ac
cording to IUPAC definition, LOD = (3/10) ⋅ LOQ. Therefore, LOD of the 
method can be estimated as 0.003 μM. These results evidenced the good 
sensitivity and precision of the proposed MDA sensor. 

For validation purpose, the analysis of three real chicken serum 
samples were performed in triplicate under optimum conditions, and the 
accuracy was studied by using spike tests in the real samples. From the 
results shown in Table 2, it can be observed that all recoveries were close 
to 100% for all the spiked samples. Two statistical tests were applied for 
a 95% confidence level and no significant differences were observed 
comparing the concentration values obtained by the proposed method 
and the spike: Paired sample t-test, tcalculated = 1.12 < ttabulated = 2.31, 
assuming constant variance, and t-test to compare one sample mean and 
an accepted value (the concentration added), tcalculated from Table 2 <
ttabulated = 4.3. Furthermore, the samples were analysed by external 
calibration, so it can be confirmed that this method does not present any 
interference from these complex matrices. 

In Table 3 a comparative study of previous alternative methods re
ported in bibliography for the determination of MDA can be observed, 
including electrochemical [1,19–22], fluorometric [44], and chro
matographic methods [13,45,46]. In general, the estimated L-LOQ and 
RSD values were significantly lower or in the same order than other 
reported methods, except for the LOQ reported by Hasanzadeh et al 
[20]. Nevertheless, as has been said above, the proposed method was 
considered to be free of interferences, while the rest of compared 
methods used standard additions calibration to avoid matrix effects or 
calibration method was not reported, except for the analytical method 
reported by Bertolín et al [13]. Moreover, this method used one of the 
most extended linear ranges, presenting one of the best analytical 
features. 

4. Conclusions 

A novel modified screen-printed electrode has been designed and 
fabricated for the determination of MDA by using MGO@MIPy as sur
face modifier. The use of MGO as magnetic carrier allowed the exploi
tation of its magnetic properties, retaining the material over the working 
electrode surface by using an external magnetic field. As a result, the 
modification process is rapid and effective. Moreover, the presence of 
PPy in the material resulted in a remarkable amplification of the signal. 

Table 2 
Analysis performed for the determination of MDA in chicken serum samples.  

Sample Added/µM Found/µM Recovery/% tcalculated
a 

Serum 1 – – –  – 
12 13.1 ± 0.6 109  3.2 
18 17.4 ± 0.6 97  1.7 
24 23 ± 2 96  0.9 

Serum 2 – – –  – 
12 14 ± 1 120  3.5 
18 16.9 ± 0.6 94  3.2 
24 21 ± 2 89  2.6 

Serum 3 – – –  – 
12 12 ± 2 100  0.0 
18 18 ± 1 100  0.0 
24 21 ± 1 89  4.2  

a t-test to compare one sample mean and an accepted value. 
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On the other hand, the derivatization of MDA with diaminonaphtalene 
(DAN) was carried out, resulting in an aromatic electroactive molecule 
(MDA-DAN). This sensor has proven to not be susceptible to suffer in
terferences thanks to specific recognition sites generated. In addition, 
the preparation of the template and the magnetic nanomaterials MGO 
and MGO@MIPy was succeeded and confirmed by several character
ization techniques. Besides, some synthesis and measurement parame
ters were adequately optimized by following an univariant strategy. In 
this work, the analytical performance was studied under optimum 
conditions and compared with electrochemical and alternative analyt
ical methods previously reported in bibliography, presenting good 
sensitivity, suitable precision, and excellent selectivity. For validation 
purpose, three serum samples were analysed by external calibration, 
obtaining high recoveries values. Therefore, the developed electro
chemical sensor has demonstrated its applicability in the biomedicine 
field, presenting an excellent analytical performance for the routine 
monitoring of MDA in serum samples. Finally, and to the best of our 
knowledge, there is no previous report of a magnetic molecularly 
imprinted polypyrrole material for the electrochemical determination of 
MDA in biological samples. 
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