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ARTICLE INFO ABSTRACT

Keywords: The development of improved systems for the fast detection of trace amounts of infectious agents is of vital

Magnetic nanoparticles importance. Magnetic nanoparticles (MNPs) are an interesting alternative in this context due to (1) their large

I];/I‘amc surface area, that maximizes the potential interaction between the target microorganism and the nanoparticle,
10sensor

and (2) their magnetic susceptibility, that allows the concentration of the nanoparticles (and thus, the attached
microorganisms) by means of an external magnetic field. In the present study, biomimetic magnetic nano-
particles (BMNPs) were synthesized with the mediation of MamC, a magnetosome protein from Magnetococcus
marinus MC-1, and used to concentrate and detect bacteria. As a novelty compared to the existing biosensors
based on MNPs, the surface characteristics of BMNPs allow a direct and efficient electrostatic interaction between
microorganisms and nanoparticles without the need of post-production coating of BMNPs. Our results show that
BMNPs, without any post-production functionalization, are very efficient binding both Gram positive and Gram
negative bacteria and concentrating these microorganisms following upon the application of an external mag-
netic field. Once concentrated, the target microorganisms (Staphylococcus aureus used here as a model bacterium)
can be specifically detected up to bacterial loads as low as 10 CFU/mL by using qPCR. Although the binding is
unspecific, the specificity for detection is given by qPCR testing of the attached microorganisms. The system
described here, without the need of functionalization, maintains (or improves) the detection limit for S. aureus
compared to that obtained by using the Protocol ISO 6888-1:2022 and to that obtained by using antibody-
functionalized MNPs, thus becoming a suitable, cost- and time-effective alternative for bacteria detection in
fluid samples.

1. Introduction

The early detection of pathogenic microorganisms in food and/or
water is of extreme importance, not only to avoid potential health risks,
but to ensure safe food processing protocols in the relevant industries (Li
et al., 2019). Therefore, the development of simple, cost-effective, ac-
curate and sensitive procedures for the detection of pathogens is critical
to accelerate treatments and to improve food security (Augustine et al.,
2016; Houhoula et al., 2017). Many of the culture-dependent techniques
traditionally used are time consuming, as the time for results depends on
the growth of the relevant microorganism, usually being this resolution
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time above 24 h. When the contaminant microbial counts are very low,
these techniques are also usually prone to false negative results, so
pre-enrichment steps are usually required, increasing the resolution
time even further. Therefore, there is room for developing novel, faster
and more accurate protocols for the early detection of microbial con-
taminants in food and/or waters.

In this context, nanoparticles have become attractive components of
biosensors compared to other conventional materials. They display a
large surface to volume ratio that increase sensitivity, especially when
decorated (functionalized) with molecules that can target specific mi-
croorganisms (Wang et al., 2011). Gold, silver and magnetic
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nanoparticles (MNPs) are the ones most frequently used (Li et al., 2019),
and, among them, MNPs are of special interest since, on top of the ad-
vantages above, they can be easily recovered by the application of an
external magnetic field. By magnetically concentrating the MNPs, the
attached microbial contaminant can also be concentrated, increasing the
sensitivity of the biosensor. In this context, several authors have
developed biosensors based on MNPs functionalized with antibodies
with detection limits of ~10% CFU/ml (Table 1), although there are
cases (Day & Basavanna, 2015) in which this detection limit reaches 10
CFU/mL. However, the lack of stability of the antibodies and their fairly
high costs constitute drawbacks to these biosensors.

Therefore, the goal of the present study is to develop a biosensor that:
(1) improves the performance and resolution time of the culture-
dependent protocols defined in the Protocol ISO 6888-1:2022; (2) can
be magnetically concentrated; and (3) avoids the use of antibodies,
while maintaining the sensitivity already reached by the existing anti-
bodies bearing-MNP biosensors.

With this goal in mind, a biosensor consisting of novel biomimetic
magnetic nanoparticles of magnetite (BMNPs) is going to be designed.
The novelty of BMNPs compared to traditional MNPs lies on changes on
the size, magnetic properties, and composition of the former. These new
characteristics of BMNPs are induced by the control over magnetite
precipitation exerted by the protein MamC, a magnetosome-associated
protein of Magnetococcus marinus MC-1, which is introduced in the re-
action mixture. MamC controls BMNPs nucleation and growth acting as
template for magnetite growth (Ubago-Rodriguez et al., 2019), which, in
turn, results in superparamagnetic nanoparticles, larger (~35-40 nm)
than those chemically produced (<20 nm). The size increase is impor-
tant, not only in the context of surface area, but also to increase the
magnetic moment per particle (Prozorov et al., 2013), which is impor-
tant for an efficient response to the external magnetic field applied for
concentration. Even with this size increase, BMNPs maintain their
superparamagnetism, meaning that they behave as non-magnetic in the
absence of an external magnetic field (preventing aggregation), but
respond with a maximized magnetic susceptibility once an external

Table 1
MNP-based biosensors.
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magnetic field is applied (Garcia Rubia et al., 2018).

Surface properties are also crucial to allow the interaction between
nanoparticles and bacteria. Chemically produced MNPs usually present
an isoelectric point (iep) of ~7 (Garcia Rubia et al., 2018), and thus, any
bonding based on electrostatic interactions, in particular, to the nega-
tively charged microbial cell wall, is prevented at neutral pH values.
Therefore, to allow interaction to the relevant microorganism, bio-
sensors based on MNPs need to be functionalized with targeting mole-
cules, such as antibodies (Table 1). Although this strategy may increase
the sensitivity, it adds important disadvantages, mainly related to the
cost and difficulty of handling antibodies, and the potential shield pro-
duced by the non-magnetic coating of the already non-optimal magnetic
moment of the core, compromising an efficient magnetic concentration
by an external magnetic field. However, BMINPs present an isoelectric
point ~4.7 (Garcia Rubia et al., 2018) due to the presence of MamC
attached to the magnetic core, which provides functional groups that
may allow an electrostatic interaction with the cell wall.

Based on BMNPs’ properties, the hypothesis of the present study is
that they can electrostatically bind microorganisms without the need of
any functionalization, and concentrate them upon the application of an
external magnetic field. As such, they could be potential candidates to
produce easy handling, cost effective biosensors, provided that,
although the binding is unspecific, the specificity for detection is given
by qPCR testing of the attached microorganisms. Therefore, the present
study aims, firstly, to analyze the potential of BMNPs to electrostatically
bind Gram-positive bacteria (Staphylococcus aureus and Enterococcus
faecalis, chosen as models) and Gram-negative bacteria (Escherichia coli
and Salmonella enteritidis, chosen as models) without the need of func-
tionalization with antibodies. Secondly, to test the potential of BMNPs to
detect trace amounts of a specific bacterium (S. aureus, chosen as a
model) in liquid media, by using qPCR for detection. Finally, as a third
goal, the potential exits that residual traces of BMNPs remaining in the
gPCR mixture could inhibit polymerase reaction and interfere with the
protocol, so this issue is also analyzed and an optimized protocol for the
gPCR analysis of this type of samples is here proposed.

Target Limit of detection Method

Reference

10 CFU/mL in PBS
10° CFU/mL in milk

Staphylococcus aureus in PBS and milk

Antibody nanocomposites synthesized by coating MNP (carboxylated MNPs, 100
nm) with bovine serum albumin, then adsorbing AuNPs and antibodies.

Sung et al.
(2013)

Immunomagnetic separation (IMS) and colorimetric detection

1.5 x 10% CFU/mL (NP)
2 x 10° CFU/mL (MPIO)

S. aureus in milk, blood and TSB
Salmonella enteritidis in TSB and
meat broth

S. aureus in LB-Broth 2.3 x 102 CFU/mL

MNP coated with polystyrene (MPIO, 1 pm) or dextran (NP, 60 nm) conjugated
with antibodies

PCR-based detection

MNP-TiO2-AP-SMCC formed by: MNPs encapsulated by silica nanoparticles;
TEOS (Tetraethoxysilane); APTES (3-aminopropyltriethoxysilane): SMCC

Houhoula et al.
(2017)

Naderlou et al.
(2020)

(sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate)
The biosensor was added to a lysate of bacteria. Bacterial DNA was measured by
using Nano-drop spectrophotometry.

E. coli: 10> CFU/mL ECL;

10° CFU/mL FCL

B. anthracis: 10° CFU/mL ECL;
10° CFU/mL FCL

Escherichia coli 0157 in food
Bacillus anthracis in soil samples

Antibody-coated MNPs.
Immunodetection based on fluorogenic chemiluminescence, solid-phase
chemiluminescence (FCL) and electrochemiluminescence (ECL)

Yu et al. (2000)

Listeria monocytogenes and L. ivanovii L. monocytogenes: 10 CFU/mL (or Antibody coated magnetic beads (Bio-Plex Pro Magnetic COOH beads). Day and
in infant formula and green leafy 2) Bioluminiscence (Bio-Plex suspension array system) Basavanna
vegetables L. ivanovii: 10 CFU/mL (infant (2015)

formula); 10% CFU/g (leafy
greens)

Salmonella typhimurium and S. aureus S typhimurium: 5 CFU/mL Aptamer-conjugated magnetic nanoparticles (amine-functionalized MNPs) plus Duan et al.
in water S. aureus: 8 CFU/mL aptamer-conjugated NaYF,:Yb/Er, NaYF4:Yb/Tm UCNPs. (2012)

Bioluminiscence

S. aureus, Micrococcus luteus, Bacillus
cereus and Streptococcus mutans
(viable cells)

Salmonella spp. in milk

33 CFU/mL

5 x 10% CFU/mL in LB;
7.5 x 10° CFU/mL in milk

Vancomycin-coated carboxil-MNPs (2 pm)
Bioluminescence (ATP determinations)

Antibody-coated MNPs.

Su et al. (2017)

Liébana et al.

Immunomagnetic separation and detection (IMS/m-GEC electrochemical (2013)
immunosensing)
Biomimetic magnetic nanoparticles. QPCR detection This study

102 CFU/mL in saline solution;
10 CFU/mL in milk

S. aureus in saline solution and milk
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2. Materials and methods

2.1. Expression and purification of MamC. Synthesis and
characterization of BMNPs

The expression and purification of MamC was carried out as
described by Valverde-Tercedor et al. (2015). TOP10 strain of E. coli
(Life Technologies: Invitrogen, Grand Island, NY, USA) was transformed
with the 4.4 Kb pTrcHis-TOPO carrying mamC gene, allowing the
expression of the MamC protein marked with a histidine tail at the
N-terminal end. Once expressed, the protein was purified under Fast
Protein Liquid Chromatography (FPLC) under denaturing conditions
using an AKTA model FPLC system prime™ PLUS GoldSeal 2167311 (Ge
Healthcare) and visualized by denaturing polyacrylamide gel electro-
phoresis (SDS-PAGE). Finally, the fractions containing MamC were
allowed to refold at 4 °C by dialysis using 1 L of dialysis buffers A (Tris
50 mM, NaCl 150 mM, urea 6 M, pH 8.5) and B (Tris 50 mM, NaCl 150
mM, pH 8.5) as starting and end points, respectively.

The biomineralization experiments followed the procedure and
guidelines described by Perez-Gonzalez et al. (2011) and Valve-
rde-Tercedor et al. (2015). The nanoparticles were obtained by adding
MamC (in a final concentration of 10 pg/mL) to a master solution
composed of deoxygenated solutions of NaHCO3, NayCOs, Fe(ClO4)
and FeCls in a final concentration of 3.5 mM, 3.5 mM, 2.78 mM and 5.56
mM, respectively, added with NaOH to reach pH 9. The deoxygenated
solutions were prepared with O,-free MilliQ water, obtained by boiling
MilliQ water for 1 h and cooling it in an ice bath while continuously
sparging with ultrapure No. The master solution was incubated for 30
days at 25 °C and 1 atm of total pressure inside an anaerobic chamber
(Coy Laboratory Products, Grass Lake, MI). The nanoparticles formed
were washed with Op-free MilliQ water three times by magnetically
concentrating the solid, removing the clear supernatant and adding
fresh water in each cycle. To measure the concentration of BMNPs, 1 mL
of the batch was withdrawn and placed in 1.5 mL microfuge tube
(Eppendorf) previously weighted in a precision balance (Analytical
Balance 220 g x 0.1 mg Radwag AS 220/C/2). The nanoparticles were
magnetically concentrated and the supernatant was removed. The tube
containing BMNPs was placed in a dry bath (AccuBlock™ Digital Dry
Bath, Labnet) at 95 °C for 30 min until the nanoparticles were
completely dried. The tube was removed for the dry bath and cooled to
room temperature. Then, it was weighted in the precision weight scale.
The weight of the BMNPs in each specific tube was calculated as the
weight difference between that of the tube containing the dry solid and
that of the same empty tube. A minimum of five replicas were per-
formed. Then, the supernatant of the batch was removed and the BMNPs
were resuspended in deoxygenated water to reach a concentration of 15
mg/mL. Finally, the BMNPs were autoclaved (121 °C, 15 min) and
stored at 4 °C.

Powder X-ray diffraction (XRD) analysis was carried out with an
Xpert Pro X-ray diffractometer [PANalytical (CuKa-radiation, 20 to 60°
in 20 (0.01°/step; 3s per step)]. The size of BMNPs was determined from
micrographs taken by transmission electron microscopy [TEM; LIBRA
120 PLUS (Carl Zeiss SMT), equipped with Electron Energy Loss Spec-
troscopy, EELS]. The nanoparticles were embedded in Embed 812 resin,
and ultrafine sections (50-70 nm) were obtained with a Reichert
Ultracut S microtome (Leica Microsystems GmbH, Wetzlar, Germany)
and deposited in copper nets. The size of the crystals was manually
measured using the ImageJ 1.47 program, and size distribution curves
were determined from these measurements using Origin 8. Since the 2D-
section of the crystals were rectangles or rhombs (showed in Results and
Discussion section), the measurement of the larger edge was considered,
and only crystals with well-defined edges were counted, to avoid size
overestimation due to aggregation. To ensure reproducibility of results,
particle sizes were measured on multiple micrographs with an accu-
mulated amount of about 1000 nanoparticles measured for each
experiment. The isoelectric point of BMNPs was determined from the
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calculation of {-potential based on electrophoretic mobility measure-
ments (viscosity: 0.8872 cP, dielectric constant: 78.5, temperature:
25 °C), which were carried out in a Zetasizer Nano-ZS [Malvern In-
struments, Malvern, UK] at 25 °C as detailed by Garcia Rubia et al.
(2018).

2.2. BMNPs as bacterial magnetic concentrating agents

The potential of BMNPs to bind bacteria was evaluated by mixing
suspensions of BMNPs in oxygen free water, within a concentration
range from O to 2.5 mg/mL (0, 0.1, 0.25, 0.5, 1 and 2.5 mg/mL), with
cell cultures of the bacteria listed below (cell concentrations of 103, 102
and 10 CFU/mL for each cell type). The bacteria used for the test were
both Gram-positive (S. aureus ECT240 and E. faecalis LMG0822) and
Gram-negative (S. enteritidis LMG7233 and E. coli LMG8223). All trials
were replicated three times.

All bacteria were first grown on Trypto-Casein Soy Agar plates (TSA,
commercial preparation of Scharlau) and incubated at 37 °C for 24-48 h.
Then, colonies were resuspended in sterile 0.9% NaCl solution until
reaching a turbidity corresponding to the order of 10% CFU/mL ac-
cording to the McFarland scale. From this suspension, serial decimal
dilutions were made in sterile 0.9% NaCl to obtain suspensions con-
taining 10%, 10? and 10 CFU/mL. The concentration of each one of these
dilutions was quantified by counting the colonies grown on TSA.

For each type of bacteria, electrophoretic mobility measurements
were performed on a suspension containing 10> CFU/mL of the relevant
bacteria in 0.9% NaCl, by using a Zetasizer Nano-ZS [Malvern In-
struments, Malvern, UK] at 25 °C. {-potential was calculated from these
measurements (viscosity: 1.01 cP, dielectric constant: 78, temperature:
25 °Q).

Different volumes of the BMNPs stock were withdrawn to prepare a
series of tubes in which the final concentration of BMNPs ranged from
0 to 2.5 mg/mL. In each tube, BMNPs were magnetically concentrated
and the supernatant was discarded. For each bacterial type, six sets of
samples were prepared (9 microfuge tubes each, which included three
experiments in triplicate), each containing the following mg of BMNPs:
(1) 0 mg (control), (2) 0.1 mg, (3) 0.25 mg, (4) 0.5 mg, (5) 1 mg, and (6)
2.5 mg. All tubes were filled with 1 mL of the relevant bacterial sus-
pension (x3): (A) 10° CFU/mL, (B) 10? CFU/mL, (C) 10 CFU/mL. The pH
value of all these mixtures was 6.2. Adsorption experiments cannot be
done at acidic pH values because of the potential BMNPs dissolution.

All the mixtures were placed for 30 min in a Mini LabRoller™ Ro-
tator (Labnet) and then, the samples were placed on a 16-Tube Sure-
Beads™ Magnetic Rack (Bio-Rad) for 30 min to ensure total magnetic
concentration of the solid. Then, while the solid was kept magnetically
concentrated, the supernatant was removed. The solid pellets were
analyzed by TEM and EELS.

The supernatant was diluted in 20 mL of sterile distilled water, and
filtered (0.45 pm; EZ-Pak™ Membrane Filters, Millipore). All the filter
membranes were immediately deposited on TSA plates and incubated at
37 °C for 24 h. After this time, a count was made of the colonies grown
on each filter (X,). The count obtained in the experiment set #1 (BMNP-
free) at each bacterial concentration (X;) was used as a reference to
determine the percentage of bacteria retained by the BMNPs, using
equation (1).

x 100 (€8]

X, — X,
Retention percentage (%) = OT

0

2.3. Detection of the magnetically concentrated bacteria by qPCR

S. aureus ECT240 was used as a model bacterium to determine, by
qPCR, the detection limit of the sensor after the electrostatic binding of
this bacterium to BMNPs and following magnetic concentration. gPCR
was used for the selective detection. Firstly, a calibration curve was
performed, and then, the potential of inactivation of the polymerase due
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to the presence of BMNPs was investigated, these protocols detailed
below. Finally, a protocol was developed to optimize the bacterial
detection.

Serial dilutions from a culture of S. aureus ECT240 (10% CFU/mL)
from 10° to 10 CFU/mL were prepared in 0.9% NaCl to obtain a qPCR
calibration curve. DNA extraction was performed following the rapid
lysis method of Boom et al. (2000). qPCR was done using a CFX Connect
Real-Time PCR Detection System (BIORAD) for the quantification of the
bacterium. The amplicon was purified following the indications of the
GenElute™ PCR Clean-Up Kit. Amplifications were performed at a final
volume of 20 pL containing 2 pL of DNA template, 0.3 pM final con-
centration of each primer [Sa442-1 (AATCTTTGTCGGTACACGA-
TATTCTTCAC) and Sa442-2 (CGTAATGAGATTTCAGTTAGATAA
TACAAC)] (Martineau et al., 1998), 10 pL of Master Mix [TB Green
Premix Ex Taqll (Tli RNase H Plus)-TAKARA] and Milli-Q water up to 20
pL. The amplification was run in 40 cycles, starting with an initial
denaturation at 95 °C for 30 s followed by 40 cycles at 95 °C for 5 s and
63 °C for 30 s. The efficiency of the reaction was calculated from the
slope of the standard curve (R2 > 0.98) using equation (2). To evaluate
the intra- and interassay reproducibility, the coefficient of variation
(CV) was also calculated.

Efficiency =10 T — 1 .

The data were statistically analyzed with R Studio Statistics. Com-
parisons were carried out with a one-way analysis of variance and post
hoc Tukey’s honestly significant difference. Differences with P values
lower than 0.05 were considered statistically significant. The repro-
ducibility, amplification efficiency and coefficient of linearity of the
standard curves in qPCR were found to be consistent. The qPCR vali-
dation was done by visualizing the dissociation temperature profiles,
which confirmed specific amplification.

2.3.1. Optimization of DNA extraction protocol for BMNP-bearing samples.
Analysis of the potential interference of BMNPs with gPCR

An adsorption experiment was done using S. aureus ECT240 as a
model strain, in the presence of 0.5 mg/mL of BMNPs. Briefly, serial
dilutions of S. aureus from 10° to 10 CFU/mL were prepared in 0.9%
NaCl and added with 0.5 mg/mL of BMNPs in a total volume of 1 mL.
Adsorption experiments were performed as indicated in subsection 2.4
and the pellet was magnetically collected (these samples are here
referred as BMNP-bearing samples). As a control experiment (BMNP-
free), a set of dilutions of S. aureus were prepared from 108 to 102 CFU/
mL from which 10 pL each were withdrawn (thus containing from 10%to
10 CFU). The experiment was replicated three times.

DNA extraction was performed following the protocol in Boom et al.
(2000) to which some modifications were included to optimize the lysis
and DNA extraction in BMNP-bearing samples. 50 pL of lysis solution
were added to the samples. At this point, replica were done to test the
effect of sonicating these samples on DNA extraction efficiency. The
rationale behind was that following upon bacterial lysis, DNA could
electrostatically bind to BMNPs, compromising the efficiency of the
extraction protocol. No sonication (0 min), 1, 3 and 5 min sonication
were tested on samples after adding the lysis solution, using an
EMMI®-30HC Ultrasonic cleaner (180 W, 220-240 V, 50-60 Hz, EMAG
Germany). All samples were incubated for 10 min at 90 °C and cooled to
room temperature. Afterwards, a volume of 50 pL of neutralization so-
lution was added. Then, in case of the BMNP-bearing samples, BMINPs
were magnetically separated from the supernatant, which was collected
and stored at 4 °C for qPCR analysis. qPCR was performed as detailed in
subsection 2.5.1.

2.4. Detection limit of magnetically concentrated S. aureus by qPCR

Two types of experiments were done in two different matrixes (saline
solution and milk) to determine the detection potential of BMNPs using
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S. aureus ECT240 as a model strain. The first set is here referred as
BMNP-bearing and the second one as ISO experiment. For both types of
experiments, suspensions of S. aureus from 103 CFU/mL to 1 CFU/mL
were prepared in saline solution (0.9% NacCl) or in milk matrix.

Type 1: BMNP-bearing experiment. Aliquots of 1 mL of the suspen-
sions of S. aureus (103 CFU/mL, 102 CFU/mL, 10 CFU/mL and 1 CFU/
mL) were added (x3) to tubes containing 1 mg BMNPs prepared
following the protocol detailed in subsection 2.4. All the samples were
placed in the Mini LabRoller™ Rotator (Labnet) for 30 min and then,
placed in the magnetic rack for 30 min for BMNPs concentration. The
BMNPs from each tube were collected for DNA extraction and qPCR
analyses. Identical experiments were performed for each matrix (saline
solution or milk).

Type 2: ISO experiment. Aliquots of 100 pL from each suspension of
S. aureus with concentrations of 10* CFU/mL, 10> CFU/mL, 10 CFU/mL
and 1 CFU/mL (both in saline solution and milk) were spread on plates
of Baird Parker medium (Scharlau) with potassium tellurite (Scharlau),
incubated at 37 °C for 24-48 h.

Additional experiments were performed by centrifuging 1 mL of the
sample for 10 min at 6000xg and 4 °C. This protocol became unbearable
when the matrix was milk. In this case, a solid butter was obtained that
prevented further sampling for PCR analyses. Therefore, this procedure
was not used in the present manuscript.

3. Results and discussion
3.1. BMNP as bacterial magnetic concentrating agents

BMNPs were composed of magnetite (>95%) according to XRD an-
alyses. TEM microphotographs show well-defined crystal faces and a 2D
rectangular and rhomboidal shape (Fig. 1A). Their size ranges between
10 and 60 nm, although ~60% of BMNPs show a size of 25-35 nm
(Fig. 1B). The average size is 34 + 6 nm. BMNPs have an isoelectric
point of 4.4, being positively charged at lower pH values and negatively
charged at higher pH values (Fig. 1C).

Given the comparative size of BMNPs (in the nano range, Fig. 1) and
bacteria (in the micro range), BMNPs, individually and/or aggregated,
bind to the cell wall or the extrapolymeric substances (EPS) (Fig. 2).
Once attached, the assembly becomes magnetic and can be concentrated
following upon the application of an external magnetic field (Fig. 4).

BMNPs are, in fact, nanocomposites containing a magnetite core and
MamC attached to (or even incorporated into) the outer layers of this
magnetic core, conferring new surface functional groups. These func-
tional groups are responsible for the surface charge of BMNPs, as the
measured iep (4.4, Fig. 1C) is that of the MamC protein (Garcia Rubia
et al., 2018). BMNPs present carboxylic, hydroxyl and amine groups
(Garcia Rubia et al., 2018), while bacteria have a negatively charged cell
wall conferred by lipoteichoic acids and teichoic acids in Gram-positive
bacteria (such as S. aureus and E. faecalis) and lipoproteins, membrane
proteins and lipopolysaccharides (LPS) in Gram-negative bacteria (such
as E. coli and S. enterica). In fact, {-potential of the bacterial culture
determined at pH 6.2 shows that all exhibit negative surface charge
(Fig. 3), with no significant differences between them (ANOVA test
p-value >0.05). Other external bacterial structures, as EPS secreted by
S. aureus, also provide functional groups able to electrostatically interact
with BMNPs (Dragos & Kovacs, 2017; Hou et al., 2017).

Taking into account the relative size difference (micro versus nano)
between bacteria and BMNPs, surface charge of either of them cannot be
considered as a bulk, as determined from electrophoretic measurements,
but the interaction between the bacteria and BMNPs have to be nar-
rowed to a much smaller scale. On one hand, electrostatic interaction
between bacteria and BMNPs may occur either between the amine
groups present in MamC at BMNPs surface and the negatively charged
groups at the bacteria cell wall and/or between the carboxylic/hydroxyl
groups of MamC at BMNPs surface and amine groups present in EPS. It
has to be also considered that the presence of cations (such as Na® in
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Fig. 1. Characterization of BMNPs. (A) TEM micrograph (scale bar: 200 nm). (B) Size distribution. (C) {-potential.

saline solution and Ca®" in milk) may act as “bridges” between nega-
tively charged residues in both bacteria and BMNPs. Moreover, hydro-
phobic interactions cannot be ruled out between the phospholipids
bilayer, forming the outer cell membrane in Gram-negative bacteria,
and the MamC transmembrane domains (hydrophobic). Therefore, the
type of interaction (whether it is hydrophobic or electrostatic), and the
number and availability of the exposed functional groups both in BMNPs
and in the bacterial outer structures, anticipate differences in their
binding to BMNPs and, as a result, in the efficiency of the magnetic
concentration. In any case, these interactions confer “magnetic proper-
ties” to the bacteria that allow their magnetic recovery, as shown in
Fig. 4.

According to the results in Fig. 4, the magnetic concentration of
BMNPs allows the recovery of the bacterial cells from the mixture, in a
percentage that varies with the ratio [BMNPs]/bacterial load. For a
given inoculum concentration, the higher the concentration of BMNPs,
the higher the retention percentages (Fig. 4). To achieve a retention
percentage of 100% of S. aureus (inoculum concentration from 10 to 103
CFU/mL), 0.25 mg/mL of BMNPs were enough, while lower BMNP
concentrations failed. This amount (0.25 mg/mL of BMNPs) was enough
to retain up to 102 CFU/mL of E. faecalis, but when the inoculum con-
centration was 10° CFU/mL, the concentration of BMNPs had to increase
to 0.5 mg/mL to retain 100% of the inoculum. For Gram negative bac-
teria, higher concentrations of BMINPs were needed to retain 100% of
the inocula. In fact, 1 mg/mL of BMNPs was needed to retain 100% of
E. coli (inoculum concentration from 10 to 10° CFU/mL), while even 2.5
mg/mL of BMNPs were not enough to retain 100% of S. enteritidis
inoculum (10-10° CFU/mL).

While, except in the case of S. enteritidis, no significant differences in
bacterial retention percentages are observed at high concentrations of
BMNPs irrespectively of the bacterial load, large variations in these
retention percentages were observed at low concentrations of BMNPs,
specially for the more diluted bacterial loads (10 CFU/mL), which is
especially evident for Gram-negative bacteria (Fig. 4C and D). These

large variations may be related to the difficulty of BMNPs and bacteria to
meet and then interact in such a diluted system and/or to the fact that
the amount of BMNPs is not enough to mediate an efficient magnetic
concentration of the cells. This problem is solved when the concentra-
tion of BMNPs is increased.

It is also observed that lower concentrations of BMINPs are needed to
recover ~100% of the Gram-positive bacteria to that needed to recover
this percentage of Gram-negative bacteria. Other than differences in
binding due to the different composition in the outer structures between
Gram-positive and Gram-negative bacteria, these variations in the
retention percentages might also be related to the ability of the former to
form bacteria clusters. Our hypothesis is that the formation of bacterial
clusters (especially evident in S. aureus and in E. faecalis) increases the
efficiency of the magnetic recovery, going from cluster magnetic con-
centration to individual magnetic concentration if cells do not form
clusters (as it is the case of the Gram-negative bacteria tested).

Other factors are also important in the context of the magnetic
concentration of cells mediated by BMNPs, as differences in bacteria
surface charge and/or the type, distribution and orientation of the sur-
face functional groups. In fact, the retention percentage observed for
E. coliand S. enteriditis are different, that may be related to differences in
the LPS (number and composition of functional groups) found between
these two bacterial species (Bhunia, 2018a, 2018b; Meysman et al.,
2013; Samuel & Reeves, 2003; Stenutz et al., 2006). This hypothesis
agrees with the findings of some authors (Jacobson et al., 2015), which
related the successful electrostatic interaction of gold nanoparticles
(AuNPs) with Shewanella oneidensis depending on LPS content. They
observed that electrostatic interactions between cationic AuNPs and the
outer membranes were favored the higher was the LPS content in the
outer membrane. In addition, they suggested that O antigen played a
role in this interaction. Actually, this O antigen is one of the cell struc-
tures in which differences have been also found between E. coli and
S. enterica (Meysman et al., 2013), which further supports our hypoth-
esis that composition and distribution of functional groups in outer cell
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Fig. 2. BMNPs attached to S. aureus cells. (A, B, C) TEM images. (D) Compositional EELS map of Fig. 2C; Fe (red) from BMNPs and P (yellow) from cells are shown.

Scale bars: 500 nm.
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structures may determine the ability to be magnetically concentrated by
BMNPs.

In any case, it is important to point that our results show that BMNPs
are able to mediate the effective magnetic recovery of both Gram-
positive and Gram-negative bacteria, even at the lower bacterial loads
tested (10 CFU/mL) and, even more, without the need to be function-
alized with an antibody or any other targeting molecule. This represents
a relevant step forward compared to existing biosensors based on
magnetic nanoparticles (Tables 1 and i.e., Biilbiil et al., 2015; Houhoula

et al., 2017; Li et al., 2019; Yuan et al., 2014).

3.2. Detection of the magnetically concentrated bacteria by gPCR

3.2.1. Optimization of DNA extraction protocol for BMNP-bearing samples.
Analysis of the potential interference of BMNPs with gPCR

Once the BMNP pellet was recovered from the bacterial cultures and
DNA extraction was attempted, following upon bacterial lysis, an elec-
trostatic interaction may occur between DNA and BMNPs, that reduces
the amount of DNA copies left in the supernatant after magnetic sepa-
ration of the BMNPs. Therefore, after the lysis procedure, the mixture
was sonicated for different time intervals to disrupt this potential elec-
trostatic interaction between DNA and BMNPs. In fact, Fig. 5 proves our
hypothesis and shows that the amount of DNA in the supernatant (once
BMNPs are removed), following upon cell lysis increases with sonication
time. These data demonstrate that the DNA was, in fact, interacting with
BMNPs. The interaction between DNA and BMNPs is electrostatic. When
the sample is sonicated, BMNPs are shaken and the solution slightly
heats up. It has been previously shown that BMNP movement and the
associated increase in thermal energy triggers a fast release of molecules
previously electrostatically bound to BMNPs. Thermal energy disrupts
the electrostatic binding and the molecule previously bound is released.
This conclusion has been tested in numerous occasions by using BMNPs
as a substrate and the following molecules electrostatically bound to
them: DOXO (Jabalera et al., 2020; Peigneux et al., 2019) and choline
kinase alpha inhibitors (Jabalera et al., 2019). In these cases, BMNPs
movement and thermal energy increased was attained by magnetic hy-
perthermia. The higher the thermal energy (that occurring at the highest
sonication times), the more successful is the weakening of the electro-
static bond DNA-BMNPs and higher amount of DNA is released.
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Fig. 4. Magnetic recovery of bacteria. Retention percentage (%) of (A) S. aureus, (B) E. faecalis, (C) E. coli and (D) S. enteritidis after magnetic concentration,
following mixing with BMNPs concentration ranging between 0.1 and 2.5 mg/mL. The bacterial load in the mixture was 10%, 10% and 10 CFU/mL (bright red, soft red

and yellow, respectively).
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Based on the results, the qPCR reaction protocol was modified to
account for this artifact, as to include 5 min of sonication after the lysis
protocol as a compromise to reach maximum desorption while avoiding
potential DNA degradation. To avoid DNA readsorption into BMNPs,
aliquots to continue qPCR reaction were taken immediate after
sonication.

The potential interference of BMINPs with qPCR reaction was studied
by comparing the qPCR results of two types of lysates with identical
bacterial load: one of them withdrawn from a culture of S. aureus
(control), and the other from the BMNPs pellets magnetically concen-
trated from a mixture with S. aureus (BMNP-bearing). As shown in Fig. 6,
there are no significant differences in the C, value between the control
and BMNP-bearing experiments for any bacterial load, showing that
BMNPs do not interfere with qPCR reaction.

from the supernatant once BMNPs (0.5 mg/mL)
were magnetically concentrated and removed. M:
Lambda DNA/HindIIl marker; +: positive control; -:
negative control; 1-9: experiments containing 10°
CFU/mL [1-3: replica #1 (x3); 4-6: replica #2 (x3);
7-9: replica #3 (x3)]; 10-18: experiments contain-
ing 10%? CFU/mL [10-12: replica #1 (x3); 13-15:
replica #2 (x3); 16-18: replica #3 (x3)].

G . s

3.2.2. Evaluation of BMNPs as a bacterial sensor: detection limit by gPCR

Dilute suspensions of S. aureus (10%,10%, 10 and 1 CFU/mL), used as
model microorganism (both in saline solution and milk), were mixed
with 1 mg/mL of BMNPs, according to the procedure described in sub-
section 2.6. After magnetic concentration of the pellet, the supernatant
was plated to determine the retention percentage, which was ~100%
when the matrix was saline solution, and lower (~90%) when the matrix
was milk. This is expected as any charged molecule in the milk interferes
with the charged functional groups present both at the cell outer
structures and in BMNPs, lowering the efficiency of the cell-BMNP
interaction. DNA extraction and qPCR detection were performed on
the pellets of all these experiments and the results are shown in Fig. 7 for
saline solution as matrix, and in Fig. 8 for milk as matrix.

Although agarose gels were enough to account for the detection of
the relevant bacteria, the potential exist that artifacts could provide false
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Fig. 6. Analysis of potential interference of BMNPs with qPCR. Cq values
for different bacterial loads of S. aureus in BMNP-bearing and control
experiments.

positive results. In fact, the PCR product is small (108 bp) and long
amplification cycles were used. Therefore, qQPCR was preferred to ensure
that the amplified product was correct and not the result of non-specific
amplifications or artifacts resulting from the dimers-primer that could
be generated in long amplification cycles. The qPCR technique makes it
possible to generate an amplicon that can be visualized in gels, but also
to determine that it is specific on basis of melting temperature (76 °C).
This test is especially important when the concentrations of cells to be
detected are very low, as those used in the present experiments < 10%
CFU/mL.

In BMNP-bearing experiments, 100% success in S. aureus detection in
saline solution was obtained at bacterial loads of 10® CFU/mL and
consistently decreased (64% success and 34% success) at lower bacterial
loads (10 and 1 CFU/mL, respectively). Therefore, even 1 CFU/mL could
be detected, but this detection occurred in only one of the three replica.
Thus, the limit of detection was set at 102 CFU/mL, as positive results
were obtained for all the replica at this concentration. When milk was
the matrix in which S. aureus was suspended, a 100% success in the
detection of this bacteria was achieved at bacterial loads of 10 CFU/mL,
and a 64% success was achieved at bacterial loads of 1 CFU/mL.

Food Control 147 (2023) 109623

Identically as earlier, we set the limit of detection at 10 CFU/mL because
positive results were obtained in all the replica. Regarding the experi-
ment performed following the Protocol ISO 6888-1:2022, other than the
disadvantage of the resolution time (24-48 h), growth was only detected
when the bacterial load was > 102 CFU/mL. No growth was detected in
plates at lower bacterial loads in any of the replica performed.

These results show that unequivocal S. aureus detection is improved,
in both resolution time and detection limit, following magnetic con-
centration by BMNPs compared to that achieved by following the pro-
tocol described in Protocol ISO 6888-1:2022.

Several sensors based on nanoparticles have already been proposed
for the detection of bacteria in different matrixes, related to environ-
mental, food, clinical and pharmacological samples. Table 1 shows some
of these sensors based on Fe-rich magnetic nanoparticles. In all cases, the
nanoparticle is covered with an antibody (or other molecules) that
provides functional groups for the interaction of the nanoparticles with
the target. This is one of the most striking differences with the sensor
proposed in the present study, as no further coating of BMNPs are
needed. The advantage of the covering for the previous sensors is the
specificity that the antibody brings to the detection, which allows the
use of a variety of techniques for revealing this interaction sensor-
microorganism, such as colorimetry (Sung et al., 2013), immunode-
tection (Sung et al., 2013; Yu et al., 2000; Liébana et al., 2009), biolu-
minescence (Day & Basavanna, 2015; Duan et al., 2012; Su et al., 2017),
chemiluminescence (Yu et al., 2000) and/or electrochemiluminescence
(Yu et al., 2000). The main disadvantages are, on one hand, the stability
of the nanocomposite and, on the other, the need of a post-production
coating, which obviously increases time and cost for the production of
the sensor and may shield the magnetic core, somehow compromising
the efficiency of the magnetic recovery.

Regarding limits of detection for S. aureus, the detection limit for
S. aureus obtained by using BMNPs (~10 CFU/mL) compares very well
and even improves those reported for antibody-functionalized MNPs
biosensors (Table 1). The use of the antibody-functionalized gold coated
magnetic nanoparticles produced by Sung et al. (2013) allows the
detection of 10° CFU/mL in milk samples and 10° CFU/mL in PBS. This
detection limit improves to 10> CFU/mL by using the

Fig. 7. qPCR of the samples collected from
magnetically concentrated pellets of BMNPs
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containing 0 CFU/mL [1-3: replica #1 (x3); 4-6:
replica #2 (x3); 7-9: replica #3 (x3)]; 10-18: ex-
periments containing 1 CFU/mL [10-12: replica #1
(x3); 13-15: replica #2 (x3); 16-18: replica #3
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[19-21: replica #1 (x3); 22-24: replica #2 (x3);
25-27: replica #3 (x3)]; 28-36, experiments con-
taining 10> CFU/mL [28-30: replica #1 (x3);
31-33: replica #2 (x3); 34-36: replica #3 (x3)];
37-45, experiments containing 10° CFU/mL
[37-39: replica #1 (x3); 40-42: replica #2 (x3);
43-45: replica #3 (x3)]. (B) Number of positive
experiments out of the three performed replica (3
positives = 100% success, 2 positives = ~67%
success, 1 positive = ~34% success).



M. Jimenez-Carretero et al.

A — 0 CFU/mL 1 f
1 2 3 1

1 CFU/mL —
2 3

Food Control 147 (2023) 109623

Fig. 8. qPCR of the samples collected from
magnetically concentrated pellets of BMNPs
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antibody-conjugated magnetic nanoparticles covered with dextran
proposed by Houhoula et al. (2017) or even to 2 CFU/mL if those MNPs
were covered with polystyrene instead. The nanocomposite used by
Naderlou et al. (2020) was able to detect ~102 CFU/mL, but the
formulation of the sensor was very complicated (Table 1). Su et al.
(2017) reached a limit of detection of 33 CFU/mL, but still, their
nanosensor needed a double post-production coating of carboxyl first
and then vancomycin. Other sensors have been proposed for the
detection of other microorganisms (Table 1), and, while their limits of
detection compare well with the sensor proposed here, their formulation
is more complex and post-production coating is always required. The
sensor proposed here has the advantage that BMINPs do not require any
post-production coatings, which, on top of ease the production process,
does not pose any potential shielding of the magnetic core, allowing a
more efficient magnetic concentration. The specificity for the detection
is given by qPCR. Moreover, the size of BMNPs is ideal not only for of-
fering a large surface area that optimize interaction (Garcia Rubia et al.,
2018), but also for maintaining the superparamagnetism of BMNPs,
which allows BMNPs to behave as non-magnetic in the absence of any
magnetic field, thus preventing aggregation, and to present a large
magnetic moment per particle in the presence of an external magnetic
field (Valverde-Tercedor et al., 2015), thus ensuring an efficient mag-
netic concentration.

As a summary, the use of BMNPs allows bacteria detection to at least
identical detection limit of the existing MNP-based biosensors, but
without the need of using antibodies, which represents a truly simpli-
fication and step forward in the area. The experiments in this study serve
as a proof of concept in the designing of easier handling and efficient
biosensors and in the designing of cost- and time-effective protocols to
detect bacterial contamination in liquid samples.

4. Conclusions
The results in the present paper demonstrate that BMNPs, without

any further functionalization, can be efficiently used to concentrate both
Gram-positive and Gram-negative microorganisms. The strategy relies

37 38 39 40 41 42 43 44 45

10 CFU/mL [19-21: replica #1 (x3); 22-24:
replica #2 (x3); 25-27: replica #3 (x3)]; 28-36,
experiments containing 102 CFU/mL [28-30:
replica #1 (x3); 31-33: replica #2 (x3); 34-36:
replica #3 (x3)]; 37-45, experiments containing
10° CFU/mL [37-39: replica #1 (x3); 40-42:
replica #2 (x3); 43-45: replica #3 (x3)]. (B)
Number of positive experiments out of the three
performed replica (3 positives = 100% success, 2
positives = ~67% success, 1 positive = ~34%
success).

in the electrostatic binding between the outer cell structures of the mi-
croorganisms and BMNPs. Following upon the application of an external
magnetic field, BMNPs are able to magnetically concentrate those mi-
croorganisms. Once concentrated, the target microorganism (using
S. aureus as a model bacterium) can be specifically detected up to bac-
terial loads as low as 10 CFU/mL by using qPCR. The system described
here maintains (or improves) the detection limit (at least for S. aureus)
compared to that obtained by using the Protocol ISO 6888-1:2022 and
to that obtained using antibody-functionalized MNPs, thus becoming a
suitable and cost-effective alternative for bacteria detection in fluid
samples. The protocol for DNA extraction has been optimized to take
account of the presence of BMNPs in the reaction mix and, under these
conditions, no interference in qPCR reaction has been observed related
to BMNPs.
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