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A B S T R A C T   

Magnetic beads (MBs) have been notably used as platforms in biosensing thanks to their magnetic behavior as 
they allow to simplify purification and separation by preconcentrating the sample and also to minimize matrix 
effects, what facilitates the analysis of real samples. Even though it exists a variety of commercially available 
ones, there is still great interest to develop alternative MBs with improved performance. In this work, we propose 
the synthesis of novel, reliable and low-cost MBs by colloidal assembly of zinc doped magnetite for their use as 
electrochemical immunosensing platforms. First, zinc doped magnetite ZnxFe3-xO4 nanoparticles (ZnFeNPs) of a 
diameter of 13 ± 3 nm and a saturation magnetization of 81 emu/g were synthesized and encapsulated in a 
polymeric matrix of poly(lactic-co-glycolic) acid (PLGA), generating polymeric MBs that were covered with 
polyethyleneimine (PEI) (MB@PEI), obtaining particles of 96 ± 16 nm. The PEI external layer provides MBs with 
a higher degree of encapsulation and stability and with functional groups that convert MB@PEI particles in 
versatile tools for their use as immunosensing platforms. In order to compare the suitability of the obtained MBs 
with commercially available ones, the affinity protein neutravidin (NAV) was linked to the MB@PEI surface 
through glutaraldehyde crosslinking. The obtained MB@NAV exhibited a significantly higher saturation 
magnetization than commercially available NAV-modified MBs, and also a better reproducibility (RSD of 4% for 
MB@NAV and 12% for commercial MBs) and enhanced surface functionalization ability when used as immu
nosensing platforms in a model assay using gold nanoparticle tags. As proof-of-concept of application in real 
samples, MB@NAV were finally applied for the detection of Tau protein, a well-known Alzheimer’s Disease (AD) 
biomarker, with a detection limit (LOD) of 63 ng/mL and an excellent performance in human serum samples.   

1. Introduction 

Magnetic particles (MPs), those containing metals like iron or nickel 
as elements, oxides, or mixed oxides, have emerged as relevant materials 
in many different areas including bioimaging [1], drug delivery [2], 
wastewater treatment [3], biosensing [4,5] or in the isolation of com
plex matrices [6] among other applications. 

MPs are typically used in the nanoscale range, from which super
paramagnetic nanoparticles (SPIONs) are very appreciated by their 
stability and low toxicity [7]. In the nanoscale, the magnetic properties 
of these particles are size-dependent [8]. At lower diameters, lower than 

20 nm, their saturation magnetization (Ms) increases with increasing 
particle size, regardless of particle shape. Up to 20 nm, the upper 
superparamagnetic limit [9] their remanent magnetization (Mr) starts to 
increase [10,11]. These SPIONs form stable liquid dispersions at room 
temperature [9] and exhibit high mobilities in the presence of external 
magnetic fields [12]. The most widely used route for the synthesis of 
SPIONs is the thermal decomposition of iron complexes as it generates 
high crystalline products with low polydispersity [13]. 

The reduced size of SPIONs entails, however, a low magnetic 
moment (m), what difficulties their functionalization without losing 
their magnetic behavior. An effective way to circumvent this difficulty is 
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doping magnetite nanoparticles with Zn2+ ions, what enhances their 
magnetic properties, particularly its Ms, that increases significantly with 
the incorporation of a modest percentage of zinc(II) ions [14–16]. 

Another common way to increase magnetism is the encapsulation of 
magnetic nanoparticles into the so-called magnetic beads (MBs) that is, 
polymer spheres containing nanomagnetic particles randomly dispersed 
[17–19], thus the resulting material remains superparamagnetic but 
exhibits a fast response to external magnetic fields [20]. Accordingly, 
the employment of ZnFeNPs improves the magnetic moment of the MBs 
they are part of [21], taking advantage of both strategies. 

There are a huge number of polymers that can be used to synthetize 
MBs, including poly(lactic-co-glycolic) acid (PLGA) [21–25]. PLGA is a 
biocompatible, biodegradable polymer widely used for encapsulation of 
different compounds for diagnosis in biomedicine as it is approved by 
the Food and Drug administration (FDA) and the European Medicines 
Agency (EMA) [26,27]. 

The use of MBs in immunosensing is extensive as they are interesting 
tools for the immobilization of biological recognition elements due to 
their high surface-to-volume ratio. As they can be moved by an external 
magnetic field, they allow the pre-concentration and separation of 
analytes of interest from complex samples, thus minimizing matrix ef
fects [28–31]. Although the extensive use of commercially available 
MBs, there is still a great interest in obtaining alternative MBs for an 
improved performance [32,33]. 

Among the wide variety of analytes detected using MBs as immu
nosensing platforms, it is worthy to mention their application for the 
detection of Alzheimer’s disease (AD) biomarkers [34–38]. AD is an 
untreatable and debilitating neurodegenerative disorder that affected 
more than 50 million people in 2019 and that is considered as the cur
rent main cause of dementia [39]. The diagnosis of AD is currently based 
on imaging techniques, mainly magnetic resonance imaging (MRI) for 
detecting abnormalities in patient brains [40] and the detection through 
immunohistochemistry and enzyme linked immunosorbent assay 
(ELISA) of cerebrospinal fluid (CSF) and blood plasma biomarkers [41]. 

Amyloid beta (Aβ) peptides plaques and hyperphosphorylated 
microtubule-associated protein Tau stand out from the biomarkers used 
for AD diagnostics. Tau protein is the main microtubule associated 
protein of the brain, that regulates axonal growth, transport or neuronal 
polarity through its phosphorylation. But, an hyperphosphorylation of 
this protein has been associated to the development of several neuro
degenerative diseases, including AD [42–46]. 

In patients with AD, levels of Tau protein reach values of 195 pg/mL 
in cerebrospinal fluid (CSF) samples [47], although further research is 
needed to stablish reliable methodologies for sample acquisition and 
measurement that reduce the variability observed in the clinic between 
protein levels and the development of the disease [48,49]. 

In this work, ZnFeNPs with a high magnetization were synthesized 
following a thermal-decomposition procedure and used for the forma
tion of MBs by encapsulation using PLGA as coating polymer. The ob
tained MB@PLGA were subsequently coated with polyethyleneimine 
(PEI) for increasing encapsulation and stability and providing the MBs 
with external functional groups for facilitating the ulterior bio
conjugation of the affinity protein neutravidin (NAV) through glutar
aldehyde crosslinking. The obtained MB@NAV were used as 
immunosensing platforms in a model immunoassay using gold nano
particles (AuNPs) as labels, proving their suitability in immunosensing. 
Their performance was compared with that of commercially available 
MBs, showing comparable results with an increased reproducibility 
(RSD of 4% vs 12%) and an enhanced surface functionalization ability 
for the immobilization of specific antibodies. As proof-of-concept of 
application in real samples, MB@NAV were also implemented for the 
detection of Tau protein with a LOD of 63 ng/mL and a good perfor
mance in human serum samples. 

2. Experimental 

2.1. Reagents and materials 

Benzyl ether 98%, glutaraldehyde solution grade II 25%, iron (III) 
acetylacetonate 97%, neutravidin, oleic acid 90%, polyethylenimine, 
branched Mw ~ 25.000, poly(lactic-co-glycolic acid) (PLGA) Resomer® 
RG 503H 50:50, polyvinyl alcohol (PVA) 31.000–50.000 wt 87–89% 
hydrolyzed, albumin, from bovine serum (BSA), anti-Human IgG 
(γ-chain specific)-Biotin, gold (III) chloride trihydrate 99.9%, Human 
IgG greater than 95% (HPLC grade), anti-Tau antibody, clone 12, from 
mouse and Tau-441 protein were purchased from Sigma-Aldrich 
(Spain). Zinc (II) acetylacetonate 95%, 2-propanol hyper grad LiChro
sol®, tri-sodium citrate trihydrate and Tween-20 detergent were ob
tained from Merk Millipore (Spain). Petroleum ether 40/60, 
streptavidin-modified magnetic beads (M− 280) and biotinylated Tau 
monoclonal antibody (BT2) were purchased from Thermo Fisher Sci
entific (Spain). Dichloromethane anhydrous (0.001% water) was ob
tained from VWR International Eurolabs (Spain) and oleylamine 
(approximate C-18 content 80–90%) was obtained from Acros Organics 
(Spain). Polyclonal rabbit anti-mouse immunoglobulin (used as control) 
was purchased from Dako Products /Agilent (USA). 

Solutions were prepared, unless otherwise stated, using ultrapure 
water (18.2 MΩ⋅cm @ 25 ◦C) taken from a Millipore Direct-Q 3 UV 
purification system purchased from Millipore Ibérica S.A. (Spain). 
Phosphate buffer electrolyte solution was prepared using as precursors 
sodium chloride, potassium chloride, disodium hydrogen phosphate and 
potassium dihydrogen phosphate all obtained from Merck (Germany). 
Two different buffers were used in the MB bioconjugation process: a 
binding and washing (B&W) buffer composed of 0.1 M PBS pH 7.2 so
lution with 0.05% (v/v) Tween-20 and a blocking buffer (BB) consisted 
in 0.1 M PBS pH 7.2 solution with 5% (w/v) BSA. 

2.2. Instrumentation 

A transmission electron microscopy (TEM), either a JEOL JEM 2100 
HRTEM and a JEOL2000 EXII TEM were used for size characterization of 
the as-synthesized nanoparticles. Size distribution was obtained by 
measuring the diameter of each particle with ImageJ software. Dynamic 
light scattering (DLS) was also performed using a Malvern Instruments 
Zetasizer Nano SZ with a solid-state He–Ne laser (wavelength λ = 633 
nm). 

X-ray powder diffraction (XRPD) was used to obtain the composition 
profile of the ZnFeNPs and the crystallinity size of the particles, using 
CuKα1,2 radiation (λ = 1:54056 Å and 1.54439 Å) in a Bragg-Brentano 
reflection configuration, on a PHILIPS X’ PERT PRO Panalytical 
diffractometer in a 2θ range of 15–90◦, with a step size of 0.03 using bulk 
magnetite as comparison. Infrared spectroscopy (IR) was performed 
using a Fourier transform infrared spectroscopic (FTIR) Spectrometer 
Paragon 1000 from PerkinElmer (USA) using KBr pressed disks. 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis 
was done using a Triple Quad 8800 ICP-QQQ from Agilent equipped 
with a concentric nebulizer with double-class glassy spray chamber to 
correlate the composition of zinc present in the nanoparticles. Addi
tionally, magnetic measurements were performed at room temperature 
using a PPMS-14 T (Physical Property Measurement System). 

A rotary evaporator IKA® RV8, from VWR International, was used 
for the MBs synthesis. A MagRack® 6 provided by Sigma-Aldrich (Spain) 
was used for magnetic separation processes. A MSC-100 cooling thermo 
shaker from Labolan (Spain) was used for the immunoassay incubations. 
Purification of AuNPs before and after bioconjugation with antibodies 
was done using a thermostatic centrifuge (Rotanta 460 R) from Hettich 
(Germany). 

Electrochemical measurements were done using a µAutolab type II 
controlled by Autolab GPES software from Metrohm (Switzerland). 
Screen-printed carbon electrodes (SPCEs, ref DRP-110) and their 
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connector to the potentiostat (ref. DRP-DSC) were obtained from Met
rohm DropSens S.L. (Spain). The SPCEs have a conventional three- 
electrode configuration including a working and counter electrode 
both composed of carbon and a silver pseudoreference electrode. A 
magnetic support for SPEs (DRP-MAGNET-700) purchased from Met
rohm DropSens S.L. (Spain) was used for the electrochemical measure
ments with the MBs. 

2.3. Synthesis and characterization of ZnFeNPs 

ZnFeNPs were synthesized following a previously published pro
cedure [50] with slight modifications. For the synthesis, 4 mmol Fe 
(acac)3 and 0.68 mmol Zn(acac)2 were dispersed in a mixture of 20 mL 
dibenzyl ether, 2.8 mL oleylamine and 2.7 mL oleic acid previously 
deoxygenated by purging Ar for 30 min. The mixture was placed in a 
three-necked round-bottom flask and heated with vigorous mechanical 
stirring, refrigeration, and inert atmosphere until reflux. When reflux 
was achieved, the reaction was maintained for 15 min under the same 
conditions. Afterwards, heating was removed, and the reaction was 
maintained at vigorous stirring for 15 min more, completing the first 
heating step. Then, a second heating step was performed by recon
necting the heating source and maintaining the reaction under reflux for 
2 h. After this time, heating was removed again, and the reaction was 
maintained under stirring for 30 min, when it was separated and let it 
cool down. The obtained particles were purified by washing with a 
mixture 1:1 in volume of 2-propanol and light petroleum ether using an 
external magnetic disk and dried under vacuum. Dried particles were 
reconstituted in 2-propanol at a concentration of ~ 100 mg/mL. 

The obtained NPs were characterized through TEM, XRDP, IR, ICP 
and magnetic measurement of the room temperature hysteresis loops. 

2.4. Synthesis and characterization of magnetic beads (MBs) 

MBs were synthesized following a water in oil emulsion procedure. 
First, 1.0 mL of ZnFeNPs suspension in 2-propanol was added to 2.0 mL 
of a 25 mg/mL PLGA solution in dimethylformamide (DMF) in a 15 mL 
centrifuge tube and vortexed for 15 s. The mixture was then transferred 
to a 50 mL centrifuge tube containing 15 mL of PVA 2% solution and 
then vortexed for 30 s and homogenized using a Branson® digital 
sonifier S450D during 1 min in pulses of 1 s (30 pulses/min) at a 65% 
amplitude. The PLGA encapsulated MBs were transferred to a one- 
necked round bottom flask that contained 10 mL of PVA 1% solution 
and the suspension was stirred at 100 rpm, 20 ◦C and 950 mbar for 45 
min using a rotary evaporator in order to toughen the synthesized MBs. 
Next, the obtained MBs were washed three times with water using an 
external magnetic disk, and then resuspended in water for a final con
centration of 10 mg/mL. 

TEM, DLS (both size and ζ –potential), IR and magnetic measurement 
of the room temperature hysteresis loops were used for the character
ization of the MBs obtained here and after further functionalization. 

2.5. MBs conjugation with neutravidin 

MB@PLGA were also functionalized with a layer of PEI for further 
conjugation with neutravidin (NAV) through glutaraldehyde linking. 
First, 1.0 mL of MBs with a concentration of 10 mg/mL in water were 
transferred to a 1.5 mL LoBind Eppendorf® and separated from the su
pernatant using a MagRack® 6 from Sigma-Aldrich. Then 1.0 mL of 4.0 
mg/mL aqueous solution of PEI was added to the MBs and stirred using a 
Vortex for 1 h. The MB@PEI were washed three times with water by 
using the magnetic rack MagRack® and, then 1.0 mL of 2.5% glutaral
dehyde solution. The mixture was maintained under stirring in the 
Vortex during 30 min. After that, the reaction was washed three times 
with water using the MagRack® and, again with the supernatant 
removed, 1.0 mL of a 0.8 mg/mL solution of NAV in PBS 0.1 M pH 7.2 
was added. This suspension was stirred during 6 h using a Vortex and the 

excess of NAV was removed by washing three-times with PBS 0.1 M pH 
7.2 using the MagRack®. Finally, the MB@NAV were suspended in 1 mL 
of PBS 0.1 M pH 7.2 and maintained under refrigeration until its use. 

2.6. Synthesis of AuNPs and conjugation with antibodies 

AuNPs were synthesized following the method developed by Tur
kevich et al. [51]. Briefly, 100 mL of a solution 2.94 × 10-4 M of gold (III) 
chloride trihydrate were reduced by 2.5 mL of an aqueous solution 3.88 
× 10-2 M of tri-sodium citrate dihydrate at boiling point and under 
vigorous stirring for 15 min. Then, the reaction was moved to a cold 
magnetic stirrer and maintained under vigorous stirring for 30 min. Past 
this time, 690 µL of the as-synthesized AuNPs (9.00 × 1014 NPs/mL) 
were transferred to a 1.5 mL LoBind Eppendorf® tube and centrifuged at 
7500 g, 20 ◦C for 30 min in the presence of 0.025% Tween-20. The 
supernatant was removed and 700 µL of 2 mM trisodium citrate solution 
pH 7.3 were added. For the initial direct immunoassay (Section 2.7.), on 
this solution, 57.5 µL of 100 µg/ mL antibody (human IgG for positive 
samples and mouse-IgG for negative control) were added and the solu
tion was incubated for 60 min at 25 ◦C at gentle stirring. Finally, the 
solution was centrifuged at 7500 g, 4 ◦C for 20 min and the pellet was 
resuspended in 0.1 M PBS pH 7.2 with the addition of 1% BSA. 

For the sandwich immunoassay for Tau protein detection (Section 
2.8.), AuNPs were conjugated with Anti-Tau antibody, following the 
same procedure with the addition of Anti-Tau antibody in a concen
tration of 40 µg/mL. 

2.7. Direct immunoassay for the evaluation of MB@NAV performance as 
immunosensing platforms 

For the evaluation of the ability of MB@NAV to be used as platforms 
in an immunoassay, they were conjugated with a biotinylated-anti- 
human IgG (anti-HIgG). Briefly, 15 µL of a solution 10 mg/mL of 
MB@NAV were transferred to a 0.5 mL LoBind Eppendorf® tube and 
washed three-times with B&W buffer using a MagRack®. Then, 
MB@NAV were re-suspended in 108 µL of B&W buffer, and 42 µL of anti- 
HIgG (200 µg/mL) were added. The solution was incubated during 30 
min at 25 ◦C and 650 rpm in a Thermo Shaker incubator. After this step, 
MB@NAV/anti-HIgG were washed three times with B&W buffer and 
resuspended in 150 µL of BB solution followed by an incubation period 
of 1 h at 25 ◦C and 650 rpm to prevent from unspecific absorption by 
blocking any remaining active sites. MB@NAV/anti-HIgG were then 
washed three times with B&W buffer and the supernatant removed. 
Then, 150 µL of AuNPs conjugated with human IgG (HIgG-AuNPs) were 
added and the solution was incubated for 30 min at 25 ◦C and 650 rpm. 
After this step, MB@NAV/anti-HIgG/HIgG were separated and washed 
two times with B&W buffer and two times with 0.1 M PBS pH 7.2 using a 
MagRack®. The final product was resuspended in 150 µL of 0.1 M PBS 
pH 7.2. Negative control assays were performed following the same 
experimental procedure but using mouse IgG (mIgG-AuNPs) instead of 
HIgG-AuNPs. 

The electrochemical measurements were done taking advantage of 
the potential of AuNPs as catalysts of hydrogen evolution reaction 
(HER), following a previously optimized procedure [52,53]. For these 
measurements, 20 µL of sample were placed on the working area of a 
SPCEs above a magnetic support and 20 µL of a 0.2 M HCl solution were 
added. Electrochemical measurements were done by applying an initial 
potential of + 1.35 V for 60 s and then measuring by chro
noamperometry at a fixed potential of − 1.00 V for 300 s. The absolute 
value of the current at 300 s was chosen as the analytical signal. 

The same procedure was performed with commercially available 
streptavidin-modified magnetic beads, for comparison purposes. 

2.8. Sandwich immunoassay for Tau protein detection 

A similar procedure to the previously described for the direct 
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immunosensor was done here for the detection of Tau protein. Briefly, 
10 µL of the obtained MB@NAV were re-suspended to a final volume of 
150 µL with B&W buffer and washed three-times with the same buffer. 
Then, MB@NAV were re-suspended in 108 µL of B&W buffer and 42 µL 
of biotinylated anti-Tau antibody (15 µg/mL) were added. The solution 
was incubated during 30 min at 25 ◦C and 650 rpm in a Thermo Shaker 
incubator. After incubation MB@NAV/anti-Tau were washed three- 
times with B&W buffer, and 150 µL of BB solution were added and 
incubated for 60 min in the same conditions. Then, another washing step 
was performed, and 100 µL of Tau protein was added in concentrations 
ranging from 50 to 750 ng/mL and incubated for 30 min. After the in
cubation, MB@NAV/anti-Tau/Tau conjugate was washed three-times 
with B&W buffer and 150 µL of the conjugate of AuNPs with anti-Tau 
antibody were added for the incubation during 60 min at the same 
conditions. 

The final product was washed twice with B&W buffer and twice with 
0.1 M PBS pH 7.2 and measured in SPCEs above a magnetic support with 
the addition of 20 µL of the final product and 20 µL of 0.2 M HCl, using 
the same electrochemical procedure as in the direct immunoassay. 

2.9. Spike and recovery protocol 

Spike and recovery experiment was performed to evaluate if the Tau 
protein detection was affected by the human serum matrix. A pool of 
serum samples of healthy patients obtained from the University Program 
for Seniors of Oviedo University, from the Memory Workshop from the 
Popular University, from Roces Senior Center, from Gijón-Sur Integrated 
Cultural Center, from Ateneo Integrated Cultural Center, and from San 
Agustín Senior Social Center (Spain) were used for such purpose. They 
met the following criteria: (1) no history of past or current psychiatric or 
neurological disorders and (2) a score higher than 26 in the Mini-Mental 
State Examination (MMSE). Also, subjects with acute comorbidities 
were excluded. 

The serum was spiked with different concentrations of Tau (50 and 
750 ng/mL) and then evaluated in the immunoassay (n = 3 for each 
sample), following the same experimental procedure than the described 
in section 2.8. The analytical signals were compared with those obtained 

for the standard samples in PBS buffer, calculating the % recovery of the 
analytical signal in the real matrix sample. 

3. Results and discussion 

3.1. Synthesis and characterization of ZnFeNPs 

ZnFeNPs have been proposed as an alternative to conventional 
SPIONs since it is known that the introduction of Zn2+ ions at the 
tetrahedral sites of SPIONs may increase the magnetic properties of 
these particles [54]. For that reason, their use in the formation of 
superparamagnetic MBs by encapsulation in polymeric matrixes has 
been postulated as an alternative to traditional SPIONs based MBs in 
order to improve magnetism without the need to increase the particles 
size. In this work, ZnFeNPs have been synthesized following a previously 
published thermal-decomposition method developed by our group but 
using an appropriate mixture of Zn(acac)2 and Fe(acac)3 instead of using 
only Fe(acac)3 [50]. This method has advantages over electrochemical- 
based synthetic routes [55,56] in terms of simplicity, reproducibility 
and size-controllability [11,57]. 

Figure 1.A. represents an electron micrograph of ZnFeNPs and the 
corresponding size distribution. The average size distribution of 
ZnFeNPs is 13 ± 3 nm with a spherical shape an appropriate poly
dispersity. ZnFeNPs were also characterized by X-ray powder diffraction 
(XRDP) (Fig. 1.B.). Compared to the standard Fe3O4, ZnFeNPs have a 
similar profile. To estimate the crystallinity domain size of the nano
particles, a LeBail fitting method was performed using magnetite as 
standard sample, showing an average apparent size of 15 ± 9 nm, a 
value that is within the range of that observed by TEM, also indicating 
that the ZnFeNPs are monocrystalline. 

Composition of ZnFeNPs was also studied by ICP-MS, that provided a 
Zn/Fe ratio of 12:88 (±1), what indicates that the obtained NPs are 
dopped with Zn. Additionally, it was proven that little modifications in 
the Zn/Fe ratio do not affect significantly their magnetic behavior 
(Table S1.). ZnFeNPs were also characterized by IR (Fig. 1.C.), showing a 
broad band at 570 cm− 1, due to solid-state vibrations of ferrites. The 
obtained ZnFeNPs were covered by oleic acid, what is confirmed by the 

Fig. 1. Characterization of ZnFeNPs. A. Electron micrographs of ZnFeNPs and size distribution histogram showing an average size diameter of 13 nm; B. XRDP 
analysis of ZnFeNPs compared to magnetite as reference material. ZnFeNPs pattern presents a broadened profile; C. IR spectrum of ZnFeNPs; and D. Hysteresis curve 
of ZnFeNPs that shows a superparamagnetic behavior and a Ms of 81 emu/g (inset shows amplified the low-field region of the hysteresis curve). 
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presence of absorption bands of the oleate at ~ 2910 cm− 1, w, and ~ 
2840 cm− 1, w (CH stretching), and ~ 1520 cm− 1, w, br and ~ 1420 
cm− 1, w, br (symmetric and antisymmetric stretching of –COO). This IR 
spectra is equal to the previously described for magnetite NPs [50] what 
suggests that the incorporation of Zn ions is by doping of the magnetite 
nanoparticles, as expected. 

The magnetic hysteresis curve of ZnFeNPs (Fig. 1.D.) showed a 
superparamagnetic behavior at room temperature, with a coercivity of 3 
Oe and a saturation magnetization (Ms) of 81 ± 1 emu/g, which is much 
higher than the previously described for magnetite NPs obtained by the 
same synthetic method (12 Oe and 70 emu/g) [50]. Similar increases in 
the value of Ms have been described for other zinc doped magnetite 
[14–16,54]. 

3.2. Synthesis and characterization of magnetic beads (MBs) 

The obtained ZnFeNPs were used for the formation of MBs following 
the procedure described in Fig. 2, based on previously published 
methods with some modifications [58–60]. A dispersion of ZnFeNPs in 
2-propanol was mixed with PLGA in DMF solution and incorporated into 
an aqueous phase of PVA, following a water in oil emulsion method. The 
contact of these two phases facilitates the assembling of ZnFeNPs and 
PLGA, leading to the formation of the MBs. PLGA is a biocompatible 
polymer widely used in drug delivery due to its effective encapsulation 
capacity and control release [61], what provides a great versatility to the 
MBs obtained in this work [62,63]. MB@PLGA were also coated with a 
layer of PEI (MB@PEI) in order to achieve an improved encapsulation 
and stability. Also, PEI was selected as it facilitates the conjugation due 
to i) the primary amine groups of PEI and to ii) the well-known proton 
sponge effect of this polymer, associated to its high positive charge that 
facilitates the electrostatic interaction with negatively charged bio
molecules [64,65]. 

In order to obtain MBs suitable for their use as immunosensing 
platforms, the synthesized MB@PEI need to be functionalized with af
finity proteins. To facilitate the comparison of the MBs synthesized in 
this work with commercially available ones, neutravidin (NAV) affinity 
protein was selected for the conjugation. NAV is, together with strep
tavidin, a biotin-recognition protein normally used as molecular 
recognition element in biosensing [66]. In this work, NAV was incor
porated through glutaraldehyde as a crosslinker, thanks to its high 
reactivity [67]. This methodology may also be applied to different af
finity proteins, thus increasing the versatility of the obtained MBs. 

The obtained MBs were characterized in terms of size, DLS, ζ -po
tential, IR and magnetic behavior by measuring the hysteresis loops at 
room temperature. 

First, MBs were morphologically characterized, showing a spherical 

shape and an enhanced dispersity with an average diameter of 89 ± 18 
nm for MB@PLGA, 96 ± 16 nm for MB@PEI and 117 ± 19 nm for 
MB@NAV (Fig. 3.A.) obtained from the TEM images. It is worthy 
mention that the encapsulation observed in the MB@PLGA is slightly 
worse as noticed in the left side inset in Fig. 3.A., while this state is 
corrected after the incorporation of PEI. The presence of external NAV is 
correlated with the increased size of the final NP, as detected by DLS. 

As it can be clearly seen, each MB is constituted by a large number of 
individual ZnFeNPs. Considering the average volume of a MB and the 
average volume of a single ZnFeNP, it has been estimated that each MB 
is constituted by approximately 260 individuals ZnFeNPs (assuming that 
there are no holes inside the particle). 

Measurement of the hydrodynamic size of the as-synthesized MBs 
indicates a change in the diameter of the particles after functionaliza
tion, going from 182 nm of MB@PLGA (Polydispersity index (PdI) of 
0.098), 216 nm for MB@PEI (PdI of 0.147) to 414 nm (PdI 0.318) after 
the incorporation of NAV (Fig. 3.B.), what tallies with the presence of 
this high molecular weight protein (~60 kDa). It is also worthy to 
mention that an increase in the PdI of the particles is also noticed, what 
suggests that the conjugation with NAV slightly favor aggregation 
compared to previous steps. 

Functionalization has also been confirmed by measuring the ζ -po
tential of MBs, which represents the external electrical potential in the 
surface of the suspended particles [68]. The ζ -potential (Fig. 3.C.) of 
MB@PLGA suspended in milli-Q water was of − 10 ± 5 mV due to the 
presence of external carboxylic groups own of acid terminations of the 
PLGA used. After the coating with PEI, the ζ -potential changed to a 
positive value of 27 ± 6 mV, corresponding to the presence of amine 
groups, confirming the successful incorporation of PEI. ζ -potential of 
MB@NAV measured in PBS 0.1 M pH 7.2 shifts from 27 ± 6 mV to − 10 
± 5 mV, what correlates with the charge of NAV near its isoelectric point 
(pH 6.3) [69]. 

In order to furtherly confirm the functionalization, MBs were char
acterized by IR (Fig. 3.D.). The presence of the poly(lactic-co-glycolic) 
matrix in MB@PLGA nanoparticles is denoted mainly by the band at 
1752 cm− 1, due to the ester carbonyl group (νC=O) of the copolymer. It 
should be noticed the relative intensities of the peaks at 1422 and 1384 
cm− 1 in the same IR spectrum, assignable to the C–H bending vibrations 
of the CH3 and CH2 groups. The stronger intensity of the band at 1384 
cm− 1 indicates the presence of abundant methyl groups, as it is expected 
for the lactic repeating unit in PLGA [70]. Other absorptions of interest 
are those at 1167 and 1090 cm− 1, due to the C-O-C groups of the 
polyester. 

On the other hand, the most characteristic band of the PEI assigned 
to N–H bending should appear at 1576 cm− 1 [71]. However, in the 
infrared spectrum of the MB@PEI this peak is almost completely hidden 
by a δOH band at 1636 cm− 1, probably due to the presence of water. It 
should be mentioned that the intensities of the peaks at 1422 and 1384 
cm− 1 are very similar, as expected, considering the predominant pres
ence of CH2 groups in PEI. Additionally, bands corresponding to PLGA 
still remain, confirming that the incorporation of PEI does not remove 
the previously present PLGA. 

Moreover, the presence of NAV could not be clearly identified 
through IR due to the multiple functional groups that compose this 
protein and to the previous structure of the MBs, although it could be 
seen an increase in the signal corresponding to ~ 1545 cm− 1. This peak 
corresponds to amide II band of the secondary amides present in the 
NAV protein. 

Magnetic behavior of all the obtained MBs was measured at room 
temperature (Fig. 3.E.). The saturation magnetization (Ms) of 
MB@PLGA was of 54 ± 2 emu/g, while after the coating with PEI this 
value increased to 63 ± 5 emu/g. Although it should be expected a 
decrease in Ms with the increase of non-magnetic components [72], the 
higher degree of encapsulation observed through TEM measurements 
for MB@PEI and the purification stages performed after functionaliza
tion has allowed us to separate and purify those MBs with an increased 

Fig. 2. Schematic representation of the encapsulation-based assembly method 
for the synthesis of MB@NAV. 
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magnetic saturation, what could explain the improvement observed. 
Regarding superparamagnetic behavior, MB@PLGA present a 

reduced remanence with a coercivity of 10 Oe, what indicates that the 
clustering of individual ZnFeNPs into MBs allows to maintain the 
superparamagnetic behavior of the individual nanoparticles. This value 
increases to 14 Oe after the incorporation of PEI. Regarding the mag
netic behavior of MB@NAV, it is observed a slight decrease in the Ms 
(from 63 ± 5 emu/g to 54 ± 1 emu/g) and an increase in the coercivity 
(from 14 to 16 Oe) of the particles. Commercially available MB were also 
measured for comparison purposes, showing a Ms of 11 emu/g with a 
coercivity of 2 Oe. The low value of total m noticed for such MBs is 
probably due to the high proportion of non-magnetic material, as pre
viously reported [21]. 

3.3. Direct immunoassay for the evaluation of MB@NAV performance 

A direct immunoassay was performed for i) the evaluation of the 
ability of the MB@NAV to be used as immunosensing platforms and ii) 
as a comparison of the performance of the MB@NAV with that of the 
commercial MBs. Both MB@NAV and commercial MBs were bio
conjugated with biotinylated anti-human IgG (anti-HIgG) and let to 
react with human IgG (HIgG), previously conjugated with AuNP tags. 
Mouse IgG (MIgG) conjugated with AuNPs was used as negative control 

(Fig. 4.A.). Electrochemical detection was based on the electrocatalytic 
activity of AuNPs toward the hydrogen evolution reaction (HER) [73], 
by applying a potential of − 1.0 V during 300 s, selecting the value of the 
current recorded at 300 s as the analytical signal [52,74]. 

Figure 4.B. shows the chronoamperograms recorded during the stage 
of hydrogen ion electroreduction for the different assays evaluated. An 
increase in the catalytic current is clearly observed for the positive as
says compared with the control ones. The comparison of the average 
analytical signals and their standard deviation (n = 3) shown in Fig. 4.C. 
suggest that MB@NAV have a better performance than the commercial 
ones. First, positive samples provide higher signals, which suggests an 
enhanced ability of the MB@NAV to capture antibodies. Moreover, the 
signals recorded for negative control samples were smaller for the 
MB@NAV, what may indicate a lower unspecific absorption of protein/ 
AuNP conjugates. In addition, the reproducibility obtained with 
MB@NAV was better than that of the commercial MBs, giving a relative 
standard deviation (RSD) of 4% (RSD of 12% for commercial MBs). 

3.4. Sandwich immunoassay for the detection of Tau protein using 
MB@NAV 

Once evaluated the ability of the MB@NAV to efficiently act as 
immunosensing platform, they were applied for the detection of Tau 

Fig. 3. Characterization of MBs. A. TEM micrographs of MB@PLGA, MB@PEI and MB@NAV and the corresponding size distribution histogram. An inset of higher 
magnification is included in the right side of the micrographs; B. Hydrodynamic diameter of all MBs in which it is observed a change after functionalization; C. ζ 
-potential showing a shift from a negative value for MB@PLGA (external carboxylic groups) to a positive value for MB@PEI (external amine groups) and again, to a 
negative value after the incorporation of NAV (external imine groups); D. IR spectrum of MB@PLGA, MB@PEI and MB@NAV; and E. Hysteresis curves of MB@PLGA 
(54 emu/g), MB@PEI (63 emu/g), MB@NAV (54 emu/g) and the commercially available MBs (11 emu/g). Inset represents an amplification of the low-field region of 
the hysteresis curves. 
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protein, an AD biomarker, in a sandwich immunoassay format. The 
structure of the immunoassay is schematized in Fig. 5.A. Briefly, a bio
tinylated anti-Tau antibody was immobilized on the MB@NAV and the 
conjugate was then incubated with samples containing concentrations of 
Tau protein ranging from 50 to 750 ng/mL, in a dose–response assay. 
The sandwich was then completed with anti-Tau antibody conjugated 
with AuNPs, that were detected based on the HER reaction, as described 
above. 

The results obtained are represented in Fig. 5.B. and depict that there 
is a direct correlation between the catalytic current recorded and the 

concentration of Tau protein. Fig. 5.C. shows that there is a good linear 
relationship between the two parameters in the range 50–750 ng/mL, 
with a correlation coefficient of 0.9963, according to the equation: 

Current300s = 0.1264[Tau](ng/mL)+ 63.043 

The limit of detection (LOD) was calculated as three times the 
standard deviation of the intercepted divided by the slope, resulting in a 
value of 63 ng/mL. The method showed an excellent reproducibility, 
with an average relative standard deviation (RSD) of 4 % (n = 3). 

Tau protein has been selected as model analyte in our proof-of- 

Fig. 4. Direct immunoassay for the evaluation of MB@NAV performance. A. Schematic representation of the direct immunoassay performed for the evaluation of the 
MB@NAV performance; B. Chronoamperograms recorded by applying a potential of − 1.00 V for 300 s in 1 M HCl for: a. Negative control with MB@NAV, b. negative 
control with commercial MBs, c. positive control with commercial MBs and d. positive control with MB@NAV (inset shows an amplification of the region near 300 s); 
C. Current obtained at 300 s (analytical signal) for the negative control and positive control with both MB@NAV synthesized in this work (purple) and commercial 
MBs (blue lines). Background current of 16.5 µA corresponding to the hydrogen evolution in the bare carbon electrode was subtracted from all measurements. 

Fig. 5. A. Schematic representation of the biosensor used for the detection of Tau protein by the immobilization of biotinylated anti-Tau antibodies onto MB@NAV; 
B. Chronoamperograms recorded by applying a potential of − 1.00 V for 300 s in 0.1 M HCl for each Tau concentration ranging between 50 and 750 ng/mL. Inside, an 
inset of the signal recorded at the region near 300 s; C. Calibration curve of the current recorded at 300 s for each Tau concentration. 
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concept, instead of i.e. hyperphosphorylated one due to the following 
reasons. Although there is still controversy on the clinical implications 
of total Tau protein as predictor of neurodegeneration [75,76] and its 
role in AD, there is no consensus on hyperphosphorylated Tau (p-tau) 
too, as it is not clear which p-tau isoform is more relevant in AD. Even 
though p-tau181 has been mainly stated as AD biomarker in blood [77], 
the role of p-tau217 has also stood out [78,79]. The difference between 
both isoforms relies on the amino acid residue that is phosphorylated. 
These clinical results point out that the mechanism of action of Tau 
protein in AD still requires further investigation. For these reasons, the 
identification of Tau protein as proof-of-concept is an extended practice 
in immunosensing for AD diagnostics [36]. 

This is way we have selected Tau protein as analyte in our proof-of- 
concept work. It is worthy to highlight that our biosensing system may 
be easily adapted to the determination of p-tau, just using suitable an
tibodies that are commercially available. 

3.5. Tau protein analysis in human serum samples: Spike and recovery 

The final objective of the development of an analytic biosensor is the 
detection of biomolecules in real samples. In this context, it has been 
evaluated the performance of the biosensor in a serum sample of 
cognitively healthy patients, demonstrating the selectivity of the 
analytical method in the real scenario. For that purpose, a spike and 
recovery method was performed obtaining a high recovery rate at levels 
around 85–89% (Table 1). These results indicate that the presence of 
other components in real samples do not significantly interfere in the 
accurate detection of Tau protein, opening the way to the use of the here 
described methodology to the evaluation of samples from AD patients. 

4. Conclusions 

In this work, we report a novel method for obtaining magnetic beads 
(MBs) with improved performance as immunosensing platforms, which 
is applied for the detection of Tau protein, an Alzheimer’s disease 
biomarker in human serum. 

First, ZnFeNPs were obtained by a thermal-decomposition method, 
demonstrating that the doping with Zn atoms of the magnetite nano
particles, clearly enhances their magnetic behavior. The obtained 
ZnFeNPs are used for the formation of MBs by encapsulation in a PLGA 
polymeric matrix. In order to facilitate their use as immunosensing 
platform, MB@PLGA were first functionalized with PEI and then NAV 
was furtherly immobilized on their surface. In all cases, MBs maintained 
their superparamagnetic behavior with high saturation magnetization 
values, assuring that encapsulation of single nanoparticles works as a 
way of maintaining magnetism while allowing further functionalization. 
Moreover, the saturation magnetization obtained for the as-synthesized 
MB@NAV was significantly higher than that of commercial MBs, 
constituting an important practical advantage. 

The performance of MB@NAV in a direct immunoassay for detecting 
HIgG using AuNPs as labels showed lower RSD for MB@NAV compared 
to commercial MBs, thus improving the reproducibility of the assay. 
Moreover, the lower and higher net currents recorded with MB@NAV 
for control and positive samples respectively suggested that the here 
described MBs provide lower non-specific adsorptions as they have a 
greater surface functionalization ability. 

These results prove the effectivity of the obtained MB@NAV as 
immunosensing platforms, and their versatility opens the way to their 
use for a wide variety of applications. 

The developed immunosensor for Tau protein detection constitutes 
just a proof-of-concept of the potential ability of such MBs to be used as 
immunosensing platforms for an interesting application in real samples. 
The low matrix effects (high recoveries) observed in human serum 
samples demonstrate the excellent performance of our MBs in a real 
scenario. Although the detection limit obtained in our proof-of-concept 
study (63 ng/mL) is higher than the required for AD diagnostics (pg/mL 

levels in human serum), the versatility of both the MBs and the nano
particle tags allow to make feasible further optimizations for meeting 
such clinical needs. On the one hand, it is well-known that the magnetic 
separation performed after each incubation step allows to pre- 
concentrate the sample. This means that higher sample volumes than 
the evaluated in our work (100 μL) may be assayed, capturing a higher 
amount of the AD biomarker. After removing the supernatant, MBs may 
be re-suspended in a smaller volume, leading to the sample pre- 
concentration. Regarding the tag, current research in our group (and 
others) is focused on alternative bimetallic nanoparticles with electro
catalytic properties that can be detected at lower levels than the AuNPs. 

Such studies, together with a careful evaluation of patient samples 
will be object of future research. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work has been supported by the CTQ2017-86994-R and MCI-21- 
PID2020-115204RB-I00 projects from the Spanish Ministry of Economy 
and Competitiveness (MINECO) and the Spanish Ministry of Science and 
Innovation (MICINN) respectively and the FC-GRUPIN-ID/2018/ 
000166 project from the Asturias Regional Government. C. Toyos- 
Rodríguez thanks the MICINN for the award of a FPI Grant (PRE2018- 
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[53] A. de la Escosura-Muñiz, C. Sánchez-Espinel, B. Díaz-Freitas, Á. González- 
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