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ABSTRACT

The present study is focused on the ultrafast and green synthesis, via the co-precipitation method, of magnetic
nanoparticles (MNPs) based on iron oxides using design of experiments (DOE) and high energy sonochemical
approach, considering two main factors: amplitude (energy) of the ultrasound probe and sonication time. The
combination of these techniques allowed the development of a novel one-minute green synthesis, which dras-
tically reduced the amount of consumed energy, solvents, reagents, time and produced residues. This green
sonochemical synthesis permitted to obtain mean particle sizes of 11 + 2 nm under the optimized conditions of
amplitude = 40% (2826 J) and time = 1 min. Their composition, structure, size, morphology and magnetic
properties were assessed through X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), scanning and transmission electron microscopy (SEM & TEM), and vibrating
sample magnetometry (VSM). The characterization results indicate the proper formation of MNPs, and the
correct functionalization of MNPs with different coating agents. The functionalized MNPs were used as: i)
biosensor, which could detect mercury in water in the range of 0.030-0.060 ppm, and ii) support onto which
polyclonal antibodies were anchored and successfully bound to an osteosarcoma cell line expressing the target
protein (TRIB2-GFP), as part of an immunoprecipitation assay.

1. Introduction

well known. These features depend on their size, shape, magnetization
and monodispersive character [2,4].

Magnetic nanoparticles (MNPs) based on iron oxides, especially
magnetite, have been studied since 1981 [1]. Their importance and
potential applications due to their special properties, such as super-
paramagnetism, high field irreversibility, high saturation field,
biocompatibility, long durability, low toxicity and low cost [2,3] are

The aforementioned attributes have promoted the use of MNPs and
their nanohybrids for different applications, such as magnetic resonance
imaging [5], for monitoring inhibitory drugs [6], in biomedicine for
diagnosing diseases, drug delivery [7] and hyperthermia [8], and as
electrocatalyst for methanol electro-oxidation [9], among others.
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The usual techniques employed for the synthesis of MNPs include
chemical vapor deposition [10], the polyol process [11], and iron salts
co-precipitation [12,13]. The latter is the most common route for MNPs
production due to its simplicity, low cost and high yields. However,
some drawbacks are the: 1) particle size control, 2) broad size distri-
bution, 3) time consuming, and 4) various resultant phases [14], which
could be ferrihydrite, akagenite (FeOOH), goethite (a-FeOOH), hematite
(a-Feo03), maghemite (*-FexOs), and magnetite (Fe3O4) [15,16]. In
order to overcome these problems, the influence of various parameters
(temperature, pH, precursors and use of surfactants) over the particle
size, size distribution and resultant phases has been evaluated [2,4,17].

For the last decade, the concept of Green Chemistry has become a
transversal topic in all fields of Analytical Chemistry and has helped to
create conscious about taking care of the environment through the
development of green methods that fulfill the 12 Green Analytical
principles [18]. Nowadays, sonochemistry has attracted much attention,
particularly the sonochemical synthesis, which is considered a green and
ecological technique [19], as it minimizes the consumption of energy
and non-green solvents, produces a smaller amount of residues, and
drastically decreases reaction time, thus being considered a low cost
technique [18,21,22]. Its effectiveness is the result of the acoustic
cavitation phenomenon that consists on the formation, growth and
collapse of bubbles in liquid medium, generating free radicals caused by
the extreme conditions (=5000 K, ~500 bar, cooling rate 10%K-s™ ) at
the moment of the implosive collapse of the bubbles [20].

Given the importance of sonochemical synthesis in Green Chemistry,
several studies have been successfully reported [23-28].

In particular, the sonochemical synthesis of MNPs has already been
addressed [29,30]. On the one hand, high temperature values (90, 95
and 100 °C) were employed during 30 min at 1200 W, obtaining MNPs
between 3 and 11 nm with values of saturation magnetization (Ms)
around 35 emu/g [29]. On the other hand, the sonochemical synthesis of
MNPs in the presence of three different concentrations of chitosan and
no temperature control led to mean particle sizes between 10 and 25 nm
and Ms. values from 36 to 57 emu/g using an amplitude of 50% for 2 min
[30]. Nonetheless, the variable of amplitude (energy) was not
controlled, generating high energy consumption. Additionally, the effect
of interaction among amplitude (energy) and time over the particle size
was not addressed.

DOE, specifically response surface methodology (RSM), has been
used for different applications, such as liquid-phase microextraction
[31], assessment of the performance of an engine using alternative fuel
[32], and the syntheses of nanoparticles [26], within others. The main
advantage of DOE is the possibility of performing a minimum number of
experiments in order to understand the interacting factors of the system
for optimization and prediction purposes [33,34].

The usefulness of bare MNPs can be enhanced through functionali-
zation with organic molecules or polymers for particular applications,
such as biosensing and immunoprecipitation. These reactive sites,
especially carboxylic groups, are linked to the bare MNPs and further
used to anchor specific biomolecules to detect the target analyte as it is
demonstrated within this research.

The current study applies DOE to study the influence of two impor-
tant factors in the sonochemical synthesis of MNPs, amplitude (energy)
and time, as well as their interactions and effect on the particle size of
the resulting MNPs. Statistical analysis of experimental results is also
performed, considering a minimum number of syntheses, thus leading to
the optimization of the process in terms of the established factors in the
DOE. Additionally, minimization of the MNPs size, a narrow size dis-
tribution and higher saturation magnetization values are pursued.

Hence, in this paper, MNPs were synthesized in one minute via the
co-precipitation method of Fe?™ and Fe3" in basic media assisted by DOE
and through the application of high energy ultrasound. Furthermore, the
MNPs were successfully coated with organic species including typical
biomolecules and drugs linkers, such as polydopamine (PDA), citric acid
(ACS), isonipecotic acid (ISNPA), mercaptopropionic acid (MPA),
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sodium citrate (SC) and chitosan (CS). The composition, structure, size
and morphology of the coated MNPs were studied through X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and scanning and transmission elec-
tron microscopy (SEM and TEM). The magnetic properties of the sam-
ples were investigated through vibrating sample magnetometry (VSM).
The PDA-coated MNPs with the horseradish peroxidase (HRP) enzyme
were used to detect the maximum contaminant level of mercury (Hg2+)
in water (2 ppb or 2 pg/L = 10 nM, US Environmental Protection
Agency-USEPA) using a direct inhibition strategy based on enzyme-
linked colorimetric assays. Moreover, the coated MNPs were used to
attach polyclonal antibodies on their surfaces, and employed as a tool
for an immunoprecipitation study. Both applications were successfully
developed, demonstrating the potential of these ultrafast and green-
synthesized MNPs.

2. Experimental
2.1. Reagents and materials

The salt precursor ferrous chloride tetrahydrate (FeCly.4H20) was
purchased from Merck (Germany) and ferric chloride hexahydrate
(FeCl3.6H50), ammonia solution (NHs, 30% and 25% v/v) and
hydrogen peroxide (H202) were from Panreac Quimica (Spain). Citric
acid anhydrous (ACS) used as coating agent was obtained from Fluka
Analytical (USA). The coating agents such as dopamine (DA) hydro-
chloride (CgH;11NO3), mercaptopropionic (MPA) and isonipecotic
(ISNPA) acids were purchased from Sigma-Aldrich (Germany). Sodium
citrate (SC) tribasic dehydrate was acquired from Sigma-Aldrich (Spain),
and chitosan (CS) was bought from Sigma-Aldrich (Portugal), while the
horseradish  peroxidase (HRP) enzyme, 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and mercury chloride (HgCl)
were purchased from Sigma-Aldrich (USA), and N-Ethyl-N'-(3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDAC) was purchased
from Sigma-Aldrich (Japan). Ethanol and acetone for washing steps
were purchased from Alcoholes del sur (Spain). The different solutions
were prepared with nanopure water obtained from a Milli-Q system (18
MQ-cm, Millipore, Bedford, MA).

The reagents for the immunoprecipitation study were tris-buffer
from Fisher Scientific (China), sodium chloride (NaCl) from Merck
(Germany), triton X-100 from Amresco (USA), sodium fluoride (NaF)
from VWR International (Belgium), ethylenediaminetetraacetic acid
(EDTA) (C10H16N20g), sodium orthovanadate (NagVO4) and protease
inhibitor cocktail (PIC) from Sigma-Aldrich (USA). Ethylene glycol-bis-
(B-aminoethyl ether)-N’,N',N’,N'-tetraacetic acid (EGTA) and sodium
dodecylsulfate (SDS) were from AppliChem (Germany), sodium pyro-
phosphate, p-glycerolphosphate (B-G-P), calyculin A, green fluorescent
protein (GFP) antibody, actin, and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were from Santa Cruz (USA). Finally, the tribbles2
(TRIB2) antibody rabbit specie was provided by the National Oncologic
Research Center (Spain) through the Department of Biomedical Sciences
and Biomedicine (University of Algarve, Portugal).

2.2. Instrumentation

Magnetic nanoparticles were synthesized using a Q700 high energy
ultrasound generator (QSonica Sonicators, Newtown, Connecticut, USA)
equipped with a titanium tip of 13 mm that provides a maximum output
power of 600 W. A Microtrac Nanotrac Wave particle analyser (Meer-
busch, Germany) was employed to obtain routinely MNPs size distri-
bution. This equipment is based on the dynamic light scattering (DLS)
technique and uses a 3 mW (nominal power) laser diode emitting at a
wavelength of 780 nm. The products were characterized in order to
elucidate their composition, crystal structure, particle size, morphology
and magnetization by X-ray Diffraction (D8 Advance-A25 Twin-twin,
Bruker, USA), Fourier Transform Infrared Spectroscopy (IR Affinity-1S
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WL, Shimadzu, Japan), Thermogravimetric analysis (TGA Q50 V20.13,
TA Instruments, USA), Scanning and Transmission Electron Microscopy
(Nova NanoSEM 450, FEI, ThermoFisher, USA and Talos F200X TEM
Thermo Fisher Scientific, respectively), and vibrating sample magne-
tometry (Cryogenic Ltd., United Kingdom). A model V-650 UV/vis
spectrophotometer (Jasco, Spain) was used to perform the correspond-
ing measurements in the enzymatic inhibition study.

2.3. Synthesis

2.3.1. Magnetic iron oxides nanoparticles

Bare MNPs were synthesized using the co-precipitation method [35],
enhanced with a high energy sonochemical probe. The initial sono-
chemical synthesis of MNPs consisted in a stoichiometric mixture of
0.005 mol (0.99 g) of FeCly-4H50 and 0.01 mol (2.70 g) of FeCls-6H>0,
which were dissolved in 50 mL of Milli-Q water and kept under nitrogen
atmosphere. The mixture was directly irradiated with the sonicator
probe at a frequency of 20 kHz, operated at 50% (~9300 J) of its total
amplitude under nitrogen atmosphere in order to mix the salts solution.
Afterwards, 4 mL of NHj solution were poured dropwise into the
mixture producing an instant change in color. The ultrasound irradiation
continued after the addition of the basic solution for 5 min. The black
precipitate was washed with Milli-Q water using magnetic precipitation
and decantation until a neutral pH was obtained. Finally, the black
precipitate was further dried in an oven at 60 °C overnight. The total
reaction time was 5 min; however, it was observed that the black pre-
cipitate was formed since minute 1 of reaction time. Thus, time was
considered to be introduced in the DOE as well as amplitude, as
described in the next subsection.

2.3.2. MNPs synthesis optimization by DOE

Response surface methodology (RSM), specifically, factorial design
with 3 levels and 2 factors (3%) was used to optimize the method and
minimize the response variable (to obtain smaller particle sizes). Factors
such as amplitude and time were considered to optimize the sono-
chemical synthesis of MNPs; three different levels were employed for
each of them: 20%, 40%, and 60%; and 1, 3 and 5 min, respectively.

The quantities of the reagents were kept the same as described for the
initial sonochemical synthesis of MNPs (see Section 2.3.1). Conse-
quently, the mixed iron salt solution was placed in ice bath and mod-
erate nitrogen atmosphere was applied for 1 min. Then, the iron salt
solution was irradiated with the sonicator probe and 4 mL of NHj3 so-
lution were immediately poured into the mixture within 10 s. An instant
change in color was observed and a black precipitate formed. The
applied amplitude and time were settled according to the different levels
previously defined. The final temperature of each experience was kept
within 30-38 °C. The black precipitate was cleaned with Milli-Q water
applying an external magnetic field until the pH of the solution was
neutral. Next, the MNPs were dried in an oven at 60 °C overnight.
Finally, some dried MNPs were stored in 20 mL clear plastic containers
at room temperature and some others redispersed in aqueous solution
and stored at 4 °C.

2.4. Functionalization of MNPs with different coating agents

Three different methodologies were employed for the functionali-
zation of bare MNPs. First, the PBS was sonicated to remove as much
oxygen as possible before dissolving the dopamine avoiding its oxida-
tion. To make a layer of polymerized dopamine or polydopamine (PDA)
on the MNPs surface (PDA@MNPs), 500 mg of MNPs from synthesis
with factors amplitude: 40% and time: 1 min, were dispersed in 25 mL of
a 10 mM solution of dopamine, previously prepared in phosphate buffer
solution (PBS 0.1 M at pH 8.5). The mixture was kept for three hours
under continuous stirring at 60 rpm. Afterwards, the cleaning process
was performed with PBS using magnetic precipitation and decantation
to remove the excess of polydopamine. PDA@MNPs were dried for 5
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days at 60 °C and carefully grinded.

The second methodology involves the use of chitosan (CS) to func-
tionalize the MNPs. A 10 mM (42.3 mg) chitosan solution was prepared
in 25 mL of water at pH 3 under magnetic stirring until complete
dissolution. The pH was dropwise adjusted to 5.2 using NH3 (25% v/v).
Once the pH was reached, 500 mg of bare MNPs (synthesis factors,
amplitude: 40%; time: 1 min) were immediately added into the CS so-
lution. The CS solution containing the MNPs was kept under magnetic
stirring overnight. The cleaning process was carried out with distilled
water until a neutral pH was reached. The CS@MNPs were dried at 60 °C
for 5 days and carefully grinded.

Non-polymeric species ACS, MPA, ISNPA and SC were used for the
third functionalization methodology. Carboxylate groups, obtained
from these species, were anchored on the bare MNPs following a pre-
viously described methodology [36]. Bare MNPs (400 mg) from syn-
thesis with factors of amplitude: 40% and time: 1 min were re-suspended
in 55 mL of different acid solutions (0.02 g/mL, pH 5.2) of ACS, MPA,
ISNPA and SC. The different mixtures were heated at 80 °C for 6 h using
a reflux system. The black precipitates were washed with Milli-Q water
(ISNPA@MNPs) and acetone (ACS, MPA@MNPs) three times. The
coated MNPs were collected through magnetic precipitation and
decantation, and further dried overnight at 60 °C. Finally, MNPs were
carefully grinded and some dried MNPs were stored in 20 mL clear
plastic containers at room temperature and some others redispersed in
aqueous solution and stored at 4 °C.

2.5. Engymatic inhibition study

Initially, the size was checked with DLS as a rapid screening tech-
nique to evaluate if MNPs were considered suitable for use. First, 2 mg of
dried MNPs were redispersed in 10 mL of aqueous solution, ultrasound
bath was applied for 2 min and after this short process, the size was
assessed with DLS; then, the process continued as described below.

Interferences for PBS, hydrogen peroxide and MNPs were investi-
gated in order to avoid overlapping with the ABTS spectrum. ABTS so-
lution was daily prepared in PBS (0.1 M, pH 6) previously subjected to
nitrogen stream for 10-15 min to remove the oxygen and avoid its
oxidation. For this purpose, different concentrations of distinct compo-
nents (see Table 1) were prepared in a total volume of 1.5 mL and further
vortexed for 10 min. The absorbance was immediately measured in the
800-400 nm range.

Afterwards, HRP enzyme was attached on the surface of PDA@MNPs
to carry out enzymatic inhibition studies. First, 50 mg of PDA@MNPs
were dispersed in 2.5 mL in a HRP solution (0.5 mg/mL) prepared in PBS
(0.1 M, pH 7.4) under gently stirring at room temperature for 3 h.
Thereupon, the sample was cleaned using magnetic precipitation and
decantation with PBS (pH 7.4) to remove the excess of unreactive
enzyme. However, in this occasion the resultant product was redispersed
in 1 mL of PBS (pH 7.4). This dispersion was kept at 4 °C and used within
2 weeks to avoid loss of enzymatic activity. Once the HRP/PDA@MNPs
were prepared, the enzymatic inhibition study was carried out. Hg>"

Table 1
Composition of solutions used to perform the Hg?" calibration curve for the
biosensing assay.

Speciesin theassay  Blank 0.03ppm  0.04ppm  0.05ppm  0.06 ppm
(pL)” Hg2+ Hg2+ Hg2+ Hg2+
HgCl, (21 pg/mL- - 2.9 3.8 4.83 5.80
ppm)
PBS (0.1 M) 1027.5  1024.6 1023.7 1022.7 1021.7
HRP/PDA@MNPs 7.5
(0.25 mg/mL)
ABTS (0.3 mg/mL) 450
H,0 (0.3%v/v) 15
Total volume (pL) 1500

# Volume added (pL) of the corresponding species for each assay.
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(0.060 ppm) was added to the mixture of ABTS, HyO, and HRP/
PDA@MNPs for a period of time of ten minutes. The measurements (n =
3) were performed in the absorbance mode from 800 to 400 nm.

2.6. Anchoring of antibody and immunoprecipitation studies

For immobilizing the antibody on the surface of the coated-MNPs
(CA@MNPs), 5 mg of each CA@MNPs were dispersed in 500 mL of
PBS (0.2 M at pH 5.6), and sonicated for 10 min. Then, 5 mg of N-ethyl-
N’-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC) were
added into the previous solution. PDA@MNPs were dispersed in 500 mL
of PBS 0.1 M at pH 7.4 and EDAC was not necessary.

Finally, 50 pL of the antibody solution were poured in the mixtures
and kept under magnetic stirring at room temperature overnight. The
same procedure was followed for a similar solution, but kept at 4 °C
under mechanical movement with a nutating mixer. Afterwards, the
mixture of antibodies and CA@MNPs (Ab/CA/@MNPs) was cleaned
using magnetic precipitation and decantation with the proper PBS (0.2
M, pH 5.6 or 0.1 M, pH 7.4) in order to remove the excess of unreacted
antibody.

The Ab/CA/@MNPs were re-dispersed in 1 mL of the corresponding
PBS, which was kept at 4 °C to further prove the presence of the antibody
on the surface of CA@MNPs before using them for the immunoprecipi-
tation studies.

Immunoprecipitation was carried out using a whole cell protein
lysate. Cells were lysed using an ice cold buffer (5% triton X-100, 1 M
NaF, 0.5 M EDTA, 0.5 M EGTA, 200 mM sodium pyrophosphate, 1 M
$-G-P, 100 mM Na3VOy, 0.1 mg/pL calyculin A and 0.1 mg/pL Protease
inhibitor cocktail, S). The total amount of protein was calculated using
the Bradford method and 20 uL were loaded in a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.

Once the antibody was attached to the CA@MNPs, two immunoas-
says took place using the Ab/SC@MNPs and Ab/PDA@MNPs. First, 200
pL of two different dispersed MNPs from a previous solution (5 mg/mL)
were incubated overnight with two different protein extracts at two
different concentrations (4 and 2 pg/mL) from U20S parental and U20S
TRIB2-GFP isogenic cell lines.

U20S refers to an osteosarcoma cell line with low TRIB2 expression
levels and the U20S TRIB2-GFP counterpart expresses TRIB2 fused with
GFP. The mixture was separated through precipitation and decantation
applying an external magnetic field, in order to resolve and analyze each
of the separated fractions using SDS-PAGE and western blot.

The immunoprecipitations (IPs) were performed separately for each
of the different coated-MNPs and for the different protein concentrations
[37]. Additionally to the immunoprecipitated fraction, flow through
(FT) and whole extract (WE) fractions were collected as a control for
each of the three IPs. GFP antibody was used as an alternative antibody
to detect TRIB2 presence, ACTIN and GAPDH were used as loading
controls.

3. Results and discussion

3.1. Optimization of the synthesis parameters of MNPs obtained using a
sonochemical method

The current synthesis based on a co-precipitation methodology and
further enhanced with high energy ultrasound provides a unique me-
dium in which reactions take place more effectively than other previous
reported iron oxides MNPs sonochemical synthesis [29,30]. This was
positively confirmed through several syntheses within the current
research, and through the proper data treatment with DOE. It was
possible to reduce the amount of employed reagents keeping low costs of
production and protecting the environment. Furthermore, the applied
energy (2826 J), was minimized and the reaction time was drastically
reduced to one single minute obtaining superparamagnetic iron oxide-
based MNPs. Mean particle size distributions were 11 + 2 nm and Ms.
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values between 56 and 66 emu/g according to predefined factors which
will be discussed in the next subsection. The high yields of the obtained
product were above 90%, which is also remarkable.

3.1.1. Experimental results derived from experimental design

A high-energy ultrasound generator, equipped with a titanium tip,
was used as energy source, since it allows a better control on amplitude
(energy) than the typical co-precipitation method using an ultrasonic
bath [38] (not focalized energy and much dissipation) or heating [39]
(much loss of energy), in which controlling delivered energy and tem-
perature over time is complex. The device used in the present research
supplies itself the necessary power (amplitude) in the set time, and
temperature was controlled between 30 and 38 °C during the entire
process with an ice bath.

Based on the RSM, 32 factorial design for two independent factors
(amplitude and time), 18 experimental syntheses were performed. The
design implied 9 experiments in duplicate and randomly carried out to
eliminate any potential source of error. The obtained MNPs from the 18
syntheses were assessed by dynamic light scattering (DLS), which has
been demonstrated to be a useful technique for this purpose (immediate
and routine analysis) [26]. The size distributions showed Gaussian
shape; however, the weighted mean of the hydrodynamic radius was
used [size(nm)].

MNPs sizes ranging from 33 to 60 nm were obtained, as observed in
Table 2. The three highest mean values for particle size were obtained
for experiments 1 (58 nm), 3 (60 nm) and 8 (53 nm). On the other hand,
the smallest mean values were obtained for exp. 9 (33 nm) and 4 (36
nm).

Experiments 1 and 4 were carried out with an amplitude of 60%, but
setting up different time (5 and 1 min, respectively). The mean particle
size and relative standard deviation (RSD) were higher in exp. 1 (58 nm
and 8.6%) than in exp. 4 (36 nm and 7.9%). This difference on nano-
particle sizes is attributed to the high applied energy and extended
times. This fact was also supported with experiment 6 (A: 60% (6927 J),
t: 3 min) where a mean particle size of 42 nm and RSD of 17% were
obtained. This behavior is the result of high temperatures generated by
the applied amplitude through extended periods of time. As previously
elucidated, elevation of temperature, generated by the cavitation phe-
nomenon, promotes the formation of bigger MNPs since it affects the
nucleation and growth process in the nanoparticles formation produced
with classical co-precipitation [40,41].

Experiments 2, 5, 7 and 9 had a reproducibility of 4% in terms of RSD
using amplitude values of 20% and 40%, for exps. 2 and 5, and for exps.

Table 2
Results of design of experiments (DOE).

Experimental

parameters Replicate Replicate X+ %
Experiment ——m———— 1 (size, 2 (size, SD
Amplitude Time nm) nm) (nm) RSD
(%; Joules) (min)
1 60; 15,219 5 61 54 58 + 8.6
4.9
2 20; 1740 1 47 50 49 + 4.4
2.1
3 40; 6997 3 63 57 60 + 7.1
4.2
4 60; 3068 1 34 38 36 + 7.9
2.8
5 20; 8530 5 40 38 39 + 3.6
1.4
6 60; 6927 3 37 47 42 + 16.8
7.0
7 40; 9257 5 37 39 38 + 3.7
1.4
8 20; 15,219 3 49 56 53 + 9.4
4.9
9 40; 2826 1 34 32 33+ 4.3
1.4
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7 and 9, respectively. This supports the fact that high amplitude values
increase RSD values during the sonochemical syntheses.

Therefore, with the current approach based on high energy ultra-
sound, it was possible to prove that the particle sizes were small and
uniformly distributed using low amplitudes and short reaction times.

3.1.2. Statistical analysis of results

DOE allows comparing the effect of two or more factors in the
outcome of an experiment, as well as the effect of each factor separately.
When effects are compared with more than one factor, interaction be-
tween the analyzed factors takes place if results are statistically different
[42,43].

The analysis of variance (ANOVA) was performed at a significance
level of 95%. The results of ANOVA are represented in a Pareto diagram
(see Fig. S1 from Supplementary Material) that shows the standardized
effects of the principal factors and their interactions from the most to the
less important factor. A t-value of 2.0796 was established (vertical line
in the standardized Pareto diagram) to evaluate which of them are
statistically significant. ANOVA results verified that the interaction be-
tween amplitude and time, and the quadratic interaction of time influ-
enced the most over the particle size. ANOVA allowed calculating the
adjustment of the mathematical model generated from the experimental
data, where 86.07% of the system total variance was explained by the
mathematical model generated from the variance of the factors. The
present research was performed to obtain one response (R;), which was
to minimize the particle size. According to the experimental data of this
response, the regression equation was presented to predict the rela-
tionship of response value and the amount of defined factors. The fitted
model on the particle size of samples can be expressed as follows:

The optimum calculated values for amplitude and time from this
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3.2. Characterization of MNPs

3.2.1. Scanning electron microscopy (SEM)

SEM images of the different bare MNPs synthesized under several
amplitude values were performed. The different synthesis micrographs
and histograms with their statistical charts (N: number of counted par-
ticles, x: average size of the population and SD: standard deviation) are
displayed on Fig. 1. In order to have more accurate results, the obtained
statistics from the SEM images were performed with >100 counts of
MNPs using the Digital Micrograph software (Gatan Inc., USA).

Spherical and well-defined MNPs are observed from SEM images on
Fig. 1(A.1, B.1 and C.1), which were obtained after 1 min of irradiation
and 40%, 50% and 60% of amplitude, respectively. The obtained mean
particle size and size distribution can be considered the same, as
observed in Fig. 1(A.2, B.2 and C.2). Thus, it is demonstrated that MNPs
with size around 13 + 3 nm can be reproducibly synthesized with am-
plitudes values of 40%, 50% and 60% and 1 min of reaction time.

Nonetheless, an amplitude value of 40%, from Fig. 1(A.1), was
chosen for future syntheses, since its Gaussian distribution was mainly
centered on 12 to 13 nm (the lowest average size value) and it generated
the least amount of energy (2826 J), while synthesis with amplitude
values of 50% and 60% and 1 min generated 3071 J and 3068 J of en-
ergy, respectively.

Bare MNPs synthesized with amplitude 40% and time 1 min were
functionalized with PDA, ACS, ISNPA and MPA. Such MNPs were
analyzed with SEM to assess the size increment. Images, histograms and
statistical charts are shown in Fig. 2. SEM images from Fig. 2(A.1, B.1
and C.1) reveal well defined, spherical and bigger MNPs, due to their
coating layer, as can be seen in the histograms from Fig. 2(A.2, B.2 and
C.2), which present slightly higher mean particle sizes for the func-

R, [Particle size,nm] = 54.625-1.51875 [amplitude] + 16.9167 [time] 4 0.013125 [amplitude*amplitude] +0.19375 [amplitude*time]| — 3.875 [time*time]

equation were 50.50% and 1 min, respectively.

In this regard, the independent main effects presented by amplitude
and time were also studied (see Fig. S2 from Supplementary Material)
observing two different profiles. The particle size is represented on the Y
axis and each of the different tested values for amplitude and time on the
X axis. The right negative parable on Fig. S2 indicates that one minute of
reaction time produces smaller particle size than five minutes. The left
positive parable refers to the different amplitude values used in the
syntheses, which indicates that a high value of amplitude produces
bigger MNPs particle size.

Nonetheless, observing the center of the left parable of amplitude, it
was detected that the particle size could be decreased using a lower
value of amplitude. Hence, it was decided to study the interaction
among amplitude and time (see Fig. S3 from Supplementary Material).
Fig. S3 represents the interaction plot of amplitude and time where the
estimated profile of response is obtained for minimum and maximum
time values, over the range of amplitude values. This figure confirms
that 5 min of reaction time had a continuous and increasing important
effect over the particle size as amplitude was elevated. On the other
hand, high amplitude values around 50% (3172 J) for one minute
seemed to provide smaller particle sizes, but as the amplitude decreases
the particle size increases. Additionally, it is noteworthy to observe the
intersection point between amplitude values around 35 to 40, which
may indicate that the optimum amplitude value is around this range.
Thus, extra syntheses with amplitude at 50% were performed; the
resulting MNPs were also characterized in order to compare them with
the previous sonochemical synthesis. The discussion of these results is
described in Sections 3.2.1 and 3.2.2.

tionalized MNPs. The presence of the coating layer is expected to lead to
higher stability of the MNPs, due to the functional groups linked on their
surface.

In summary, it was found out through electron microscopy that
reproducible MNPs can be synthesized using the studied amplitudes
values of 40%, 50% and 60% with 1 min of reaction time. Additionally,
the presence of the coating agents was properly confirmed, since there
was an increment of the initial particle size of bare MNPs. Finally, it was
demonstrated that the enhanced green and ultrafast method of synthesis
aided by high energy ultrasound and DOE, possesses interesting and
useful advantages, mainly related to reproducibility and significantly
save time and lower production cost.

3.2.2. Transmission electron microscopy (TEM)

Bare MNPs and PDA@MNPs were analyzed using TEM. As it can be
seen from Table 3, MNPs possess an average size about 11 + 2 nm, being
>90% of the particles with a size between 8 and 16 nm. For
PDA@MNPs, the obtained size and the distribution data are similar;
however, a carbon-containing film coming in this case from the PDA
covering, seems to coat agglomerated MNPs, as discussed below.

The first analyzed sample was bare MNPs. High resolution electron
microscopy (HREM) image of bare MNPs on Fig. 3(A) displays their
planar distance, which was about 2.99 A. Moreover, the Digital
Diffraction Patterns (DDP), built from the previous HREM image,
allowed to corroborate the composition of the magnetic nanoparticles.
The distance between planes (interplanar spacing) in the reciprocal
lattice was about 2.40 A and 3.385 A for planes [222] and [220],
respectively, as seen in Fig. 3(B), which are very close to the typical
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Fig. 1. Scanning electron microscopy (SEM) images of magnetic nanoparticles (MNPs) synthesized at different values of amplitude and 1 min of time. A.1) 40% B.1)
50% and C.1) 60%. Corresponding histograms and statistical charts are shown for each of them in A.2), B.2) and C.2), respectively. (N: counts, X: average size, SD:

standard deviation).

planes of magnetite phase (Fe3O4) [44]. The high-angle annular dark-
field (HAADF) image in Fig. 3(C) represents a MNPs cluster, whose
compositional mapping is shown in Fig. 3(D). In this map, the green dots
represent oxygen atoms, while iron atoms can be seen as red dots. As can
be observed from both images, they can be clearly overlapped, corrob-
orating the composition of the MNPs. The composition of the sample was
studied with X-ray energy-dispersive spectroscopy (EDS) analyses, as
displayed in Fig. 3(E). Carbon, copper, oxygen and iron were found; the
former two associated to the grid, and the latter two to the iron oxide
sample.

Subsequently, PDA@MNPs were analyzed with TEM. The micro-
graph at HREM mode was taken first, and consequently the DDP was
built from the previous micrograph. The measured planar distance from
the HREM image was about 2.94 A, represented by Fig. 4(A). The
interplanar spacing was about 3.388 A for plane [220] as observed in
Fig. 4(B), which is very close to the planar distance of 2.97 A corre-
sponding to the [220] family planes of face-centered cubic (FCC) crystals
from magnetite phase (Fe3O4) [45]. The HAADF image on Fig. 4(C)
reveals a MNPs cluster, whose compositional mapping is reported in

Fig. 4(D). Fig. 4(C) and (D) can be clearly overlapped, corroborating the
composition of the MNPs. In the compositional mapping of PDA@MNPs
(Fig. 4(D)), the green dots represent oxygen atoms, while iron atoms can
be seen as red dots and carbon atoms as blue dots. The origin of carbon
atoms could be attributed to the added PDA cover, since the amount of
carbon (semi-quantitatively) is higher in PDA@MNPs than in bare
MNPs, as observed in the respective EDS spectra of PDA@MNPs, rep-
resented by Figs. 3(E) and 4(E). Nonetheless, the mean particle size was
similar in both cases, since the measured value of the carbon-containing
film that surrounds the agglomerated MNPs is not included, but clearly
observed in PDA@MNPs (Fig. 4(A)) when compared to bare MNPs
(Fig. 3(A)).

3.2.3. X-ray diffraction (XRD)

The crystalline arrangement of bare MNPs, PDA@MNPs,
ACS@MNPs, MPA@MNPs, and ISNPA@MNPs was characterized by
XRD, as can be appreciated in Fig. 5(A). The diffraction peaks reflect the
magnetic crystal as a cubic inverse spinel structure with oxygen forming
a face-centered cubic (FCC) structure and iron cations occupying
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Fig. 2. SEM images of different functionalized MNPs synthesized at amplitude 40% and 1 min of time. A.1) polydopamine (PDA)@MNPs, B.1) citric acid (ACS)
@MNPs, C.1) mercaptopropionic acid (MPA)@MNPs, and D.1) isonipecotic acid (ISNPA)@MNPs. Corresponding histograms and statistical charts are shown for each
of them in A.2), B.2), C.2) and D.2), respectively. (N: counts, X: average size, SD: standard deviation).

tetrahedral and octahedral sites [16], which match well with those of
the bulk Fe304. (JCPDS card No. 88-0315, 2002). However, this is not a
conclusive result on the presence of pure magnetite, since the diffraction
peaks for maghemite phase appear at similar 26 angles. Nonetheless, the
presence of other iron oxides, such as hematite, if exists, is under 5%.
The nanocrystallite size was also estimated using Scherrer equation,
taking into account the correction for the width of the diffraction

maxima due to the equipment. The sizes were calculated from the most
intense reflections (Bragg angle, 26 ~ 35.5°) obtaining diameter sizes of
13, 14, 15, 14 and 13 nm for bare MNPs, PDA@MNPs, ACS@MNPs,
MPA@MNPs and ISNPA@MNPs, respectively. The calculated diameters
were almost the same to those obtained from SEM analyses. In fact, the
same value was obtained for bare MNPs suggesting a predominant
monocrystalline structure for the synthesized MNPs.
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Table 3
Particle sizes obtained from TEM analysis.
MNPs Mean SD Distribution Range Variance of
size (nm) range (nm) with sample %
(nm) more %
Bare MNPs 11 2 7-16 8-15 4.23
(94%)
PDA@MNPs 11 2 6-20 8-16 6.05
(94%)

3.2.4. Fourier transform infrared (FTIR) spectroscopy

FTIR absorption spectra were performed to investigate the compo-
sition of the synthesized nanoparticles and to detect the functional
groups from the organic species after their anchoring to bare MNPs
surface. Fig. 5(B) exposes the FTIR spectrum of bare MNPs, where a
broad band can be observed in the zone of low frequencies (around 600
cm ') associated with the characteristic vibrations of Fe—0 (570-600
em™Y) [2,45,46]. It is noteworthy the splitting-up of this peak which is
attributed to the symmetry degeneration on the octahedral B sites and
the split of the energy levels of the MNPs [46].

Moreover, the bands appearing at 3433 and 1629 cm ™! are ascribed
to the stretching and bending vibrations of the surface hydroxyl groups
and adsorbed water molecules [38], respectively. The PDA@MNPs
spectrum still shows the characteristic broad band of MNPs at 600 cm ™.
This spectrum shows a band at 1047 cm ™ assigned to the ring breathing
of ortho-disubstituted benzene rings, while the bands at 1490 and 1630
cm ! are considered to be present due to the indoline structure of the
polydopamine [47]. Nonetheless, the spectrum of CS@MNPs is not
displayed because it only had the bands of the MNPs, suggesting that CS
either was not attached to their surface or it was but to a very small
extent, so its bands were not strong enough to be seen.

The FTIR spectra of coated MNPs with the molecules containing
carboxylic groups are also represented in Fig. 5(B). Two bands around
1400-1420 and 1580-1600 cm ™! can be appreciated in all the cases,
which can be designated to the specific symmetric and asymmetric
stretching vibrations of the carboxylate group (COO™) [48], respec-
tively. However, in the spectra of ACS and MPA there is a small band at
1713 em™! attributed to the presence of some protonated carboxylic
groups (COOH), since the pKa values of ACS are 3.13, 4.76 and 6.40, and
that of MPA is 4.34. The final pH of the solutions, where the function-
alization was performed, were 5.4 and 5.2, respectively. The coating
agents were adsorbed on the surface of the MNPs and the characteristic
broad band of MNPs is kept in the zone of low frequencies, demon-
strating that the functionalization step did not modify the composition
of the particles.

3.2.5. Thermogravimetric analysis (TGA)

In order to confirm the coating process of the MNPs, thermogravi-
metric analyses were performed and measured by percentage mass loss
as temperature increased. The mass losses occurred within the temper-
ature range of 100-400 °C, where some effects take place, such as
decomposition of physisorbed (120-300 °C) and chemisorbed (>440 °C)
coating agents on the surface of the MNPs [49].

Bare MNPs around 13 + 3 nm, had a mass loss of 4%, mainly
attributed to desorption of water molecules within the crystallite
structure [50], as observed in Fig. 5(C). Thus, larger mass losses for the
coated MNPs were expected, according to SEM and X-ray results.

In this context, ACS@MNPs presented a mass loss of 21%, which
confirms the proper functionalization of MNPs with this coating agent.
Being the highest mass loss observed fits well with the highest size found
for these particles (16 and 15 nm, as obtained by SEM and XRD,
respectively). The same was observed for MPA@MNPs but to a lesser
extent. MPA@MNPs presented a mass loss about 9%, which is attributed
to the covering agent. The mass loss was less than the obtained for
ACS@MNPs as well as the particle size (SEM 15 nm, XRD 14 nm). The
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mass loss for ISNPA@MNPs was of 6%, which agrees with the particle
size of 14 nm obtained by SEM. Finally, a mass loss similar to that of
ACS@MNPs was expected for PDA@MNPs, since their particle sizes
after the functionalization were the same (see Fig. 2A.2 and B.2).
However, PDA@MNPs had a mass loss of 6%. According to the litera-
ture, this behavior could be attributed to the high porosity of such
coating agent, producing coating layers with large thickness and high
porosity [51].

3.2.6. Vibrating sample magnetometry analysis (VSM)

The superparamagnetic behavior of magnetic iron oxide nano-
particles is characterized by their singular hysteresis loops and by the
zero value of their remaining magnetization and coercive field, which
depend on the applied magnetic field. The saturation magnetization
(Ms) value is an indicator of the complete magnetization of a sample,
being around 90 and 74 emu/g for bulk magnetite and maghemite,
respectively [52].

In this sense, the superparamagnetism of bare and functionalized
MNPs is demonstrated in Fig. 5(D). All hysteresis loops pass through
zero, indicating a zero coercive field and zero remaining magnetization.
Furthermore, for all curves the ascending section coincides with the
descending one, culminating with an area of zero for all the hysteresis
loops of the samples. Additionally, the Ms value obtained for bare MNPs
was 65.35 emu/g, for PDA@MNPs was 61.33 emu/g, for ACS@MNPs
was 56.27 emu/g, for MPA@MNPs was 65.96 emu/g, and for ISN-
PA@MNPs was 65.43 emu/g, confirming their superparamagnetic
behavior.

The results indicate that all of the Ms values are smaller than the Ms
value for both bulk magnetite and maghemite. However, the Ms value
increases as the mean particle size increases as well [53]. Thus, lower Ms
values were expected for the current analyzed samples, since their mean
particle sizes are 11 + 2 nm. Additionally, the coating layers might
decline the surface momentum contributing to contract the magnetic
momentum of the MNPs [54]. Nevertheless, from these considerations,
it is not possible to establish unequivocally the iron oxide phase (spinel
type) present in these samples. On the other hand, the Ms values can be
directly correlated and compared with SEM and TGA results. From this
comparison, it is noteworthy to observe that the Ms values of
MPA@MNPs and ISNPA@MNPs are just above (0.61 and 0.08 emu/g,
respectively) the Ms value of bare MNPs when it should be the opposite.
Nonetheless, this can be explained by virtue of their small increment of
particle size (MPA@MNPs: 1 nm, and ISNPA@MNPs: 2 nm) and their
small coating, what led to a minimum mass loss percentage
(MPA@MNPs: 9%, and ISNPA@MNPs: 6%).

In this sense, the outcomes of the proposed synthesis based on high
energy ultrasound are outstanding, obtaining small MNPs with good
superparamagnetic behavior, which is an important feature for some
applications where this behavior is highly required, such as magnetic
resonance imaging (MRI).

3.3. Application of MNPs for biosensing

The obtained and further functionalized MNPs were employed in the
field of biosensors, specifically one based on the enzymatic inhibition of
horse radish peroxidase (HRP) caused by Hg?", following a completely
distinct strategy from the one used by a different research group [55],
which employed a similar system to directly detect HyO».

The compound 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) which, in the presence of hydrogen peroxide, undergoes
oxidation to the ABTS radical, was used as a probe for enzymatic ac-
tivity, since it can be quantified within the wavelength range of 400 to
800 nm. The UV-Vis spectra of all the compounds are shown in Fig. 6
(A). Neither PBS nor H202 did influence the total absorbance. The
concentration of the MNPs was 0.25 mg/mL in order to avoid in-
terferences, keeping a significant concentration of enzyme on its surface;
thus, MNPs proved to be stable and possibly useful for the biosensing
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Fig. 3. Transmission electron microscopy (TEM) analysis of bare MNPs. A) TEM micrograph of MNPs taken at high resolution electron microscopy (HREM) mode, B)
Digital Diffraction Pattern (DDP) built from A. C) TEM micrograph of a MNPs cluster taken at high-angle annular dark-field imaging (HAADF) mode, D) Compo-
sitional mapping from image C, and E) energy-dispersive X-ray spectroscopy (EDS) spectrum of image in micrograph C.

application. On the other hand, the concentration of ABTS was 0.3 mg/
mL to maintain the absorbance value within the linearity. The absor-
bance spectrum of ABTS shows two main peaks at 417 and 736 nm, as
shown in Fig. 6(A).

Fig. 6(B) lays out an intense signal on the absorbance (light blue line)

due to the presence of the product of ABTS oxidation by H,O, generated
by the enzyme. When in presence of Hg?", the solution absorbance is
lower (dark blue line), indicating a smaller concentration of the ABTS
radical under these. This presents an evidence that Hg?" affects the re-
action, indicating that this harmful metal is a horseradish peroxidase
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Fig. 4. Transmission electron microscopy (TEM) analysis of polydopamine (PDA)@MNPs. A) TEM micrograph of PDA@MNPs taken at HREM mode, B) Digital
Diffraction Pattern (DDP) built from A, C) TEM micrograph of a MNPs cluster taken at HAADF mode, D) Compositional mapping from image C and E) EDS spectrum

of image in micrograph C.

enzyme inhibitor, which irreversibly and significantly reduces its cata-
lytic activity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Different absorbance measurements were carried out at 417 nm to
elaborate a calibration curve (Fig. 6(C)), according to Table 1. The

10

calibration curve presented a correlation coefficient (R?) of 0.9936,
indicating an excellent linear fitting. The limits of detection and quan-
tification (LOD = 3 s/m and LOQ = 10 s/m, s-standard deviation of the
blank, m-slope of the calibration curve) were also calculated. A LOD =
0.004 ppm and LOQ = 0.013 ppm were obtained, where the former is
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Fig. 5. Different characterization results for bare and coated MNPs (polydopamine, (PDA), citric acid (ACS), mercaptopropionic acid (MPA), isonipecotic acid
(ISNPA)@MNPs), and sodium citrate (SC@MNPs) employing: (A) X-ray diffraction analysis, (B) Fourier transform infrared spectroscopy, (C) Thermogravimetric

analysis, and (D) Vibrating sample magnetometer analysis.

close to the official limit according to EPA (0.002 ppm). Therefore, the
bioanalytical application of synthesized nanoparticles is demonstrated.

3.4. Application of MNPs for immunoprecipitation

Immunoprecipitation (IP) is one of the most useful immunological
techniques in which the presence and quantity of an antigen, the relative
molecular weight of a polypeptide chain, its synthesis and degradation,
and the interaction with proteins, nucleic acids or other ligands can be
determined. In this study, two different IP assays were carried out using
human U20S osteosarcoma cells that have been manipulated to over-
express TRIB2 protein coupled to a Green Fluorescent Protein (GFP) on
the N-terminus, as well as a parental cell line which did not expressed
exogenous TRIB2 protein. TRIB2 is a pseudokinase protein with onco-
genic activity in melanoma [56,57] and has been shown to confer
therapy resistance [58]. IP analysis of TRIB2 is an important approach to
characterize its role in healthy and diseased cells.

3.4.1. Binding evaluation between CA@MNPs and antibodies

Bare and functionalized MNPs (CA@MNPs) were used in biomedical
studies as a base tool to anchor a specific anti-TRIB2 antibody. Dried
MNPs stored for three weeks at room temperature showed to be stable
since they displayed antibody binding, as noted in Fig. S4 (see Supple-
mentary Material, Fig. S4(A, B, C, D, and E)). The first lanes in both
panels (left and right) show the specific band for the anti-TRIB2 poly-
clonal antibody while lane 2 refers to MNPs in the absence of antibody
(negative control). Lane 3 and 4 represent the band of the polyclonal
antibody attached at different temperature over different CA@MNPs.

Lane 1 of Fig. S4 has an intense band between 60 and 72 kDa; thus,
bands in lanes 3 and 4, which are visible at the same level, were
attributed to the antibody. Nonetheless, bands in lane 3 are more intense
than those in lane 4. This difference in intensity indicated that more
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antibodies were able to bind on the surface of the MNPs at room tem-
perature compared with the binding process at 4 °C; the same behavior
was present in all evaluations. Interestingly, the TRIB2 antibody was
attached on the surface of bare MNPs without any coating agent, as
shown in Fig. S4 (E). This was probably due to the presence of negatively
charged hydroxyl groups on the surface of bare MNPs, which can
interact with positive areas of the antibody. However, the amount of
attached antibody on the coated SC@MNPs, for example, was more
intense than the amount of attached antibody on the uncoated ones,
indicating that the coating agents significantly favor the attachment of
the antibody to the MNPs.

It was demonstrated that this polyclonal antibody is stable and
specific against TRIB2, and binds better to CA@MNPs at room temper-
ature than to uncoated MNPs at 4 °C. For this reason, the following IP
experiments were performed with Ab/CA@MNPs obtained at room
temperature.

3.4.2. Immunoprecipitation reactions results

The immunoassays were performed with SC@MNPs and
PDA@MNPs, the results are shown in Fig. 7. The first experiment was
carried out employing SC@MNPs coupled with the antibody (Ab) (Ab/
SC@MNPs) and a protein solution of 4 pg/mL. The second experiment
was conducted using Ab/PDA@MNPs.

SC@MNPs were taken as representative sample of the other MNPs
coated with organic acids and PDA@MNPs were used to compare their
utility in both biosensing and immunoprecipitation applications. The
immune complexes were denatured and resolved using SDS-PAGE and
further analyzed with western blot as described before [59].

Fig. 7 displays the outcome of the two experiments including two
immunoprecipitations (IP), flow through (FT) and whole extract (WE).
IPsin Fig. 7A and B show the expected bands at 72 kDa which are clearly
visible. Due to the different concentration in the initial protein solution,
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Fig. 6. (A) Absorbance spectra of different components ([horseradish peroxidase/polydopamine (HRP/PDA)@MNPs]: 0.25 mg/mL, [ABTS]: 0.3 mg/mL, [hydrogen
peroxide (H202)]: 0.3% v/v, and [phosphate buffer solution (PBS)]: 0.1 M at pH 6. (B) Reduction of the ABTS signal due to irreversible inhibition of HRP enzyme by
mercury. (C) Calibration curve built from the enzymatic inhibition study, measuring absorbance (n = 3) at wavelength 417 nm.
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Fig. 7. Results of the immunoprecipitation-western blot (IP-WB) assays for two independent immunoprecipitation experiments employing different coated MNPs
((A) antibody/ sodium citrate (Ab/SC)@MNPs, and (B) Ab/polydopamine(PDA)@MNPs. Two different cell lines were tested (U20S parental and TRIB2-GFP). Three
primary antibodies (GFP, Actin and GAPDH) and three fractions were evaluated (“IP”: immunoprecipitation, “FT”: flow through, and “WE”: whole extract. The GFP
signal was at 72 kDa while the signal of actin and GAPDH were at 45 and 36 kDa, respectively. Both IPs A and B correctly detected the target protein.

the detected band of the immunoprecipitated fusion protein against GFP
is more intense in Fig. 7A than in Fig. 7B. Accordingly, the band in the FT
in Fig. 7A is less intense than the IP band, suggesting that most of the
TRIB2 antigen was caught by Ab/SC@MNPs and cleared from the FT.
The strong band that resulted from the IP and the absence of a detectable
band in the FT in Fig. 7B, suggests a complete capture of TRIB2-GFP
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protein by Ab/PDA@MNPs. This efficiency increment was caused by
the elevated concentration of antibodies and the reduction of TRIB2
concentration in the prepared lysate. The last evaluated fraction was the
WE; three primary antibodies were employed against GFP, ACTIN and
GAPDH, which interacted with their specific proteins in the cellular
extract.
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The antibody against GFP detected the TRIB2-GFP fusion protein in
the extract. On the other hand, the expression analysis of ACTIN and
GAPDH confirmed that both protein extracts were loaded in the same
amount in each lane and that the binding affinity of the homemade
antibodies attached on the MNPs was significant, since they were able to
differentiate and selectively react with TRIB2. Therefore, it was
demonstrated that the anchored antibody on the coated MNPs was able
to bind the target protein TRIB2 with high selectivity and efficiency.

4. Conclusions

Reproducible ultrafast and green syntheses of MNPs are reported
within the present work, which were performed through the combina-
tion of high energy ultrasound and design of experiments (DOE). On the
one hand, the high energy ultrasound reduces the environmental impact
through the minimization of the employed energy, solvents and re-
agents. On the other hand, DOE allows making the sonochemical syn-
thesis even more efficient in terms of applied energy (amplitude) and
time of the synthesis. In fact, to the best of our knowledge, it is the first
time in which MNPs are synthesized within one single minute with good
reproducibility, higher saturation magnetization values (56-66 emu/g)
and lower energy requirements (amplitude: 40% (2826 J)). The proper
functionalization of MNPs was performed using organic species of
different nature, including polymeric. Furthermore, several character-
ization techniques such as XRD, FTIR, TGA, SEM, TEM and VSM, were
employed i) to characterize the composition, structure, size,
morphology and magnetization of synthetized magnetic nanoparticles.
This characterization confirmed the attainment of desirable magnetite
nanoparticles mean size of 11 + 2 nm with very uniform distribution;
and ii) to reveal their applicability in the environmental field and
biomedical sciences. Regarding the biosensing application, a linear
relationship between the inhibitor concentration and the loss of catalytic
activity of HRP was found (0.030 to 0.060 ppm Hg?"; LOD/LOQ =
0.004/0.013 ppm), obtaining promising results aligned with the Envi-
ronmental Protection Agency (0.002 ppm). The immunoprecipitation
assays revealed the great potential of MNPs as a powerful and flexible
tool for the characterization of protein function. In the present study,
MNPs were customized to perform specific immunoprecipitations using
a specific antibody against TRIB2. The IP results showed that using these
tools a TRIB2-GFP fusion protein could be efficiently captured and
precipitated from a complex cellular extract. Two approaches (Ab/SC,
PDA@MNPs) proved to be suitable showing high specificity and effi-
cacy. Additionally, efficiency was assessed with three primary anti-
bodies (GFP, ACTIN and GAPDH) obtaining selective and specific
answers of Ab/SC,PDA@MNPs. The customized MNPs described in this
study will be employed to further characterize TRIB2 functions.
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