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Abstract: One of the challenges of microbiological testing is the complex and lengthy
sample preparation, causing delays in getting the final result. Immunomagnetic separation
is one of the sample preparation techniques recently used to overcome this complexity.
However, it is expensive, fragile, and requires cold storage. This study aimed to use
chitosan-coated magnetic nanoparticles (cMNP) to capture bacterial cells from a simulated
matrix and understand the interaction between the bacteria and the cMNP using batch
adsorption studies. To illustrate the concept, Salmonella Enteritidis and Escherichia coli were
used. Results showed that the adsorption of Salmonella Enteritidis and E. coli fitted the
pseudo-second-order kinetic model (R2 = 0.939 and 0.968, respectively) and the Freundlich
isotherm model (R2 = 0.999 and 0.970, respectively). The increased ionic strength enhanced
bacterial adsorption, and the highest capture efficiency was observed at pH 4 (32.8% and
98.1% for Salmonella Enteritidis and E. coli, respectively). These results show that chemisorp-
tion plays a significant role in bacterial adsorption to cMNP. Furthermore, increasing ionic
strength and acidic pH (pH 4) significantly affects the adsorption of Salmonella Enteritidis
and E. coli on cMNP, making them crucial for enhancing the performance of cMNP-based
sample preparation methods.

Keywords: magnetic nanoparticles; bacterial adsorption; Salmonella; E. coli

1. Introduction
Magnetic nanoparticles (MNP) are becoming increasingly popular in detection systems

because of their low production cost, stability and biocompatibility, and environment-
friendly nature [1–3]. Another advantage of using them in detection systems is that their
surfaces can be easily modified with various inorganic and organic compounds, polymers,
antibodies, proteins, enzymes, nucleotides, and carbohydrates [1,3,4]. Surface modification
of MNP allowed for more robust MNP-based nano-biosensors and sample preparation
systems [4]. Modifying MNP with gold made it a promising material for bioseparation
and electrochemical and optical sensing [5]. MNP coated with polymeric and carbon-based
materials stabilized MNP and allowed for more efficient conjugation of antibodies to be
used in immunoassays [6]. Polyaniline coating facilitated the conjugation of the MNP with
oligonucleotides and made the MNP electroactive to be used for the detection of DNA
targets [7,8].

Chitosan is one of the materials used to modify the surface of MNP to introduce chemi-
cal functionalities [9–13]. It is a polysaccharide composed of D-glucosamine and N-acetyl
D-glucosamine units [14]. Some of its biologically important physicochemical properties,
such as solubility and antimicrobial activity, depend on pH, its degree of deacetylation, and
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molecular weight [14,15]. Despite its antimicrobial properties, chitosan-coated MNP (cMNP)
has been reported to capture various bacteria effectively, which were then detected using
culture-dependent and culture-independent methods [13,16–19]. The successful bacterial
capture can be attributed to the interaction between the bacterial target and the MNP. It
was proposed that specific interactions between various bacterial surface proteins and the
chitosan coating of the MNP resulted in the formation of a stable conjugate that could
easily be recovered using a simple magnet [20]. This sample preparation method can
be effective for simplifying and speeding up the analysis of samples for important food-
borne pathogens, such as Salmonella Enteritidis and E. coli. Understanding the mechanisms
and factors involved in the adsorption of these bacteria on cMNP is crucial to improving
this technique.

The cMNP has shown promise in extracting bacteria from complex matrices [13,16–18,21–23].
However, these studies have only hypothesized the nature of interaction. For the first time,
this paper explored the interaction between the bacteria (Salmonella Enteritidis and E. coli)
and the cMNP using adsorption kinetics and isotherm models, including the effects of
ionic strength and pH. This is also the first study examining these models at a low cell
concentration range of 103–105 CFU/mL. The long-term goal is to develop a rapid, cMNP-
based sample preparation procedure suitable for simultaneous multi-target detection.

2. Materials and Methods
2.1. Materials

Proprietary chitosan-coated MNP was synthesized in-house at the Nano-Biosensors
Laboratory [24]. The cMNP is composed of a paramagnetic iron oxide core and a chi-
tosan shell. The paramagnetic core was synthesized from ferric chloride hexahydrate
(FeCl3·6H2O) precursor using ethylene glycol as a reducing agent and sodium acetate as a
porogen. The core was coated by polymerizing chitosan. Reagents used in the synthesis
were purchased from Sigma-Aldrich (Burlington, MA, USA). The cMNP suspension used
throughout this study was prepared by suspending the cMNP in sterile type 1 water at a
final concentration of 5 mg/mL. The cMNP suspension was sonicated for 60 min, stored
in the dark at room temperature when not in use, and sonicated for 15 min before every
experiment to disperse completely in the suspension. Phosphate-buffered saline, pH 7.4
(PBS) premix was purchased from VWR International (Radnor, PA, USA), dehydrated
tryptic soy agar (TSA) and tryptic soy broth (TSB) were purchased from MilliporeSigma
(Burlington, MA, USA), and they were prepared as recommended by the supplier. HCl and
NaOH solutions (0.1 M) were prepared. Magnetic racks were purchased from Promega Cor-
poration (Madison, WI, USA). Formvar/carbon-supported copper grids (formvar/carbon
200 mesh copper) used for the transmission electron microscope (TEM) imaging were pur-
chased from Electron Microscopy Systems (Hatfield, PA, USA). Glutaraldehyde, cacodylate
buffer, and uranyl acetate stain were provided by the Center for Advanced Microscopy,
Michigan State University.

2.2. Bacterial Cultures

Cultures of Salmonella Enteritidis ATCC BAA-1045 and Escherichia coli ATCC 15597
were used in the experiments. Stock bacterial suspensions were prepared by transferring a
single colony of the bacteria from an agar culture to 9 mL TSB and allowing it to grow for
18–24 h at 37 ◦C. From the stock bacterial suspension, a 1 mL aliquot was transferred to
9 mL TSB, and the resulting suspension was incubated at 37 ◦C for 3 to 4 h. All experiments
used bacterial cultures grown for 3–4 h.
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2.3. Transmission Electron Microscopy

The cMNP, bacteria, and their conjugates were visualized using transmission electron
microscopy (JEM-1400 Flash, Jeol, Nieuw-Vennep, Tokyo, Japan) in the Center for Advanced
Microscopy, Michigan State University. The conjugates were fixed by glutaraldehyde
fixation. The cMNP–bacteria conjugates were pelleted first by placing the tube in a magnetic
rack for 1 min and then fixed using 2.5% glutaraldehyde in 0.1 M cacodylate buffer. The
fixed cells were washed twice and resuspended using 0.1 M cacodylate buffer. The cMNP
suspension was used without additional preparation. After the preparation, 10 µL aliquots
were placed in formvar-coated copper grids and incubated for 10 min. The grids were
carefully blot-dried and stained with 0.1% uranyl acetate.

2.4. Adsorption Kinetics and Isotherm Experiments

The experiments were performed at pH 7.4 using PBS. A 100 µL aliquot of the 5 mg/mL
cMNP suspension was added into 1 mL of the buffer containing bacterial cells. The mixture
was mixed gently and allowed to stand for a certain incubation period. After incubation,
the mixture was magnetically separated for 1 min. The supernatant was recovered, and
the residue was resuspended with 1 mL of the buffer. The residue contains the formed
cMNP–bacteria conjugate. The recovered supernatant and the resuspended pellet were
plated in TSA, and the colonies were counted. Based on the colony counts, the adsorption
capacity was calculated (Equation (1); Supplementary Material S2).

Adsorption capacity =
cells adsorbed

mass o f MNP used
. (1)

Adsorption kinetics experiments were carried out at different incubation periods (i.e.,
5, 10, 15, 30, and 60 min) at a cell concentration of 104 CFU/mL. The adsorption capacity
was calculated, plotted against the incubation time, and fitted to the non-linear forms of
the pseudo-first-order and pseudo-second-order kinetic models (Table 1).

Table 1. Adsorption kinetic models used in this study.

Model Function (Non-Linear Form) [25–27]

Pseudo-first-order (PFO) qt = qe

(
1 − e−k1t

)
Pseudo-second-order (PSO) qt =

k2qe
2t

1+k2qet
t—time; qt—adsorption capacity at time t; and qe—adsorption capacity at equilibrium.

Adsorption isotherm experiments were performed at different cell concentrations
(ranging from 103 to 105 CFU/mL) and incubated for 60 min. The adsorption capacity was
calculated, plotted against the cell concentration of the supernatant, and fitted to Langmuir
and Freundlich isotherms (Table 2). The Langmuir and the Freundlich isotherms were
used to model the adsorption equilibrium of bacteria on surfaces [28–31]. Both adsorption
kinetics and isotherm experiments were performed with three technical replicates (n = 3).

Table 2. Adsorption isotherms used in this study.

Model Function (Non-Linear Form) [32,33]

Langmuir qe =
qmKLCe
1+KLCe

Freundlich qe = KFCe
1
n

qe—adsorption capacity at equilibrium; Ce—equilibrium concentration of the supernatant; qm—maximum adsorp-
tion capacity; KL—Langmuir constant; KF—Freundlich constant; and 1/n—adsorption intensity.
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2.5. Point of Zero Charge (PZC) Determination

The PZC of the cMNP was determined by the salt addition method [34]. A 1 mL
aliquot of the cMNP suspension in Type 1 water (5 mg/mL) was added to 9.0 mL of
0.1 M NaCl solution in a 50 mL centrifuge tube. The pH of the mixture was adjusted using
0.1 M HCl or NaOH solutions to obtain a pH of 2, 3, 4, 5, 6, and 7. These initial pH values
were denoted as pHi. The resulting mixture was shaken for 24 h, after which the pH was
measured (pHf). The difference in pH (∆pH = pHf − pHi) was plotted against pHi. The
PZC was determined from this plot by determining the pH at which the ∆pH intersects the
x-axis. The experiment was performed with two technical replicates (n = 2).

2.6. Zeta Potential Measurement

The cMNP, Salmonella Enteritidis, and E. coli suspensions were prepared by dilution
using a sterile dispersant. The cMNP was diluted to a final concentration of 0.05 mg
cMNP/mL, and the bacterial suspensions to 106 CFU/mL. After dilution, samples were
placed in a Folded Capillary Zeta Cell (DTS1070, Malvern Pananalytical Ltd., Malvern, UK),
and then the zeta potential was measured using Zetasizer Nano ZS (Malvern Pananalytical
Ltd., Malvern, UK). The experiment was performed with three technical replicates (n = 3).

2.7. Effect of Ionic Strength and pH on Adsorption

The effect of ionic strength was investigated by performing the adsorption experiment
using phosphate buffer and phosphate-buffered saline. McIlvaine buffer with different
pH values (4, 5, 6, and 7) was used for the effect of pH. The cell concentration was kept
at 104 CFU/mL and was incubated with the cMNP for 60 min. The capture efficiency
(Equation (2); Supplementary Material S2) for each treatment was calculated based on the
colony counts of the residue and the supernatant. The experiments were performed with
three technical replicates (n = 3).

Capture
e f f iciency

=
cells adsorbed

cells adsorbed + cells remaining on the supernatant
× 100. (2)

2.8. Curve Fitting and Statistical Analyses

Non-linear curve fitting to kinetic and isotherm models was performed using the
nlinfit built-in function in MATLAB® version R2023b. Statistical tests (i.e., Welch’s test and
analysis of variance followed by Tukey’s honest significant difference (HSD) test) were
performed using an online statistical analysis tool [35,36].

3. Results
3.1. Transmission Electron Microscopy

Figure 1 shows the TEM images of the cMNP and the conjugates formed with
Salmonella Enteritidis and E. coli. The average size of the cMNP was determined to be
300 ± 82 nm with a saturation magnetization of 48.6 emu/g as interpolated from the mag-
netization curve Supplementary Material S1 [13]. A closer inspection of the TEM images of
the cMNP–bacteria conjugates revealed that cMNP attached to the flagella of the bacteria
(Figure 1b,c). It was also observed in multiple instances that the cMNP attached to the ends
of Salmonella Enteritidis and E. coli rather than their sides (Figure 1d,e).
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Figure 1. TEM images of the cMNP (a) and the conjugates formed with Salmonella Enteritidis and
E. coli. The cMNP was bound to the flagella (b,c) and on the ends of the cells (d,e).

3.2. Adsorption Kinetics

Batch adsorption studies investigated the interaction between Salmonella Enteritidis,
E. coli, and cMNP. The adsorption kinetics were studied by determining the adsorption
capacity of the cMNP at different incubation times. The kinetic plots of Salmonella Enteritidis
and E. coli showed that the adsorption capacity for both bacteria started to level off after
15 min of incubation, suggesting that equilibrium was reached within 60 min (Figure 2). It
was also observed that the adsorption capacity of the cMNP for E. coli was more significant
than that for Salmonella Enteritidis across the different incubation periods.

The kinetic data were fitted to the Lagergren pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models (Table 2) to estimate kinetic parameters. The PFO and
PSO models, particularly their integrated form proposed by Ho and McKay [37], were
two of the most commonly used adsorption kinetic models in the past two decades [25].
These two models were also used to model the kinetics of bacterial adsorption on various
materials [25,27,31,38–40]. Using the linearized form is more convenient since it does not
require complex calculations; however, several researchers have pointed out the disadvan-
tages of using the linearized form when estimating kinetic parameters [25,27,32,41]. In this
study, non-linear curve fitting was performed on both kinetics and isotherm experiments.
Table 3 summarizes the results of curve fitting on the kinetic models.
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Figure 2. Kinetic plots of Salmonella Enteritidis and E. coli adsorption on MNPs (technical replicates = 3
for each point).

Table 3. PFO and PSO model parameters determined for Salmonella Enteritidis and E. coli adsorption
on chitosan-coated cMNP.

Salmonella Enteritidis E. coli

Pseudo-first-order (PFO)
k1, t−1 0.215 0.311

qe, CFU mg−1 9.63 × 103 2.21 × 104

R2 0.879 0.928
nRMSE 0.109 0.084

Pseudo-second-order
(PSO)

k2, mg CFU−1 t−1 3.91 × 10−5 1.67 × 10−5

qe, CFU mg−1 1.03 × 104 2.47 × 104

R2 0.939 0.968
nRMSE 0.077 0.056

Researchers used various quantitative parameters to validate how well the kinetic
models fit the observed data. Several review articles provide a comprehensive summary
of these quantitative parameters [25,27,42]. This study used the coefficient of determina-
tion (R2) and range normalized root mean square error (nRMSE). The adsorption data
of Salmonella Enteritidis and E. coli on MNP was determined to fit PSO better than PFO
(Table 3). It was also determined that the adsorption capacity measured at 60 min for
Salmonella Enteritidis and E. coli agrees with the calculated equilibrium adsorption capacity,
qe, from the PSO model, further validating the fit to the PSO model.

3.3. Adsorption Isotherms

Since the adsorption capacity at 60 min agrees with the calculated equilibrium adsorp-
tion capacity using the PSO, equilibrium experiments were performed with an incubation
time of 60 min, assuming the equilibrium was achieved at 60 min. The adsorption capacity
at 60 min was plotted against the equilibrium bacterial concentration on the supernatant
and fitted to the Langmuir and Freundlich isotherms. Like in the case of curve fitting
in linearized adsorption kinetic models, discrepancies between the experimental data
and the predicted values were reported when using the linearized form of adsorption
isotherms [32]; hence, this study used the non-linear form of the isotherms. The curve-
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fitting results (Table 4) revealed that the adsorption data fit both isotherms based on their
R2 and nRMSE values.

Table 4. Summary of curve fitting results on Langmuir and Freundlich isotherms.

Salmonella Enteritidis E. coli

Langmuir
KL 2.23 × 10−6 6.93 × 10−6

qm 2.52 × 105 7.96 × 105

R2 0.999 0.968
nRMSE 0.010 0.061

Freundlich
KF 1.49 33.0
n 1.11 1.24

R2 0.999 0.970
nRMSE 0.010 0.061

Bacterial adsorption processes that follow the Langmuir and Freundlich isotherms
have previously been reported (Table 5). However, it is advisable to look at the assumptions
of the models to see which is more appropriate to describe the adsorption process. The
Langmuir isotherm is an empirical model that assumes monolayer adsorption and that
all binding sites are energetically homogeneous [32]. On the other hand, the Freundlich
isotherm describes a non-ideal adsorption process and is not restricted to monolayer adsorp-
tion. It also assumes the heterogeneity of the surface wherein energetically favored binding
sites are occupied first [32]. The heterogeneity of the cMNP surface can be attributed to the
hydroxyl, amine, and acetylglucosamine functional groups from the chitosan coating and
the exposed hydroxyl groups from the iron oxide core. In addition, the presence of various
structures and functional groups that behave differently chemically contributes to the
heterogeneity of the bacterial surface [43]. Based on the assumptions of the two isotherm
models [32], the Freundlich isotherm is more appropriate than the Langmuir isotherm in
describing the adsorption of the Salmonella Enteritidis and E. coli species on cMNP.

Table 5. Examples of experimental conditions considered by various researchers for batch adsorp-
tion studies.

Adsorbent Bacterial Adsorbate
Bacterial

Load, CFU
mL−1

Adsorption
Isotherm Reference

Nanostructured silicon
carbide Pseudomonas putida 108 Langmuir [30]

Magnetic coated chitosan E. coli, Staphylococcus aureus 108 Langmuir [12]

Pyrite Leptospirillum ferriphilum,
Acidithiobacillus caldus 107 Langmuir [44]

Biochar Bacillus cereus 107 Freundlich [28]

Biochar Bacillus salmalaya, Bacillus
amyloliquefaciens 108–109 Freundlich [29]

Soil E. coli, Salmonella sp. 106–109 Freundlich [45]

Chitosan-coated MNP E. coli, Salmonella
Enteritidis 103–105 Freundlich This study

3.4. PZC and Zeta Potential Measurements

The point of zero charge (PZC) of the cMNP was measured to determine the pH at
which the cMNP surface would be net positively charged (Figure 3). The point of zero
charge of the cMNP was determined at approximately pH 4.4, implying that the cMNP
would have a net negatively charged surface at higher pH values. This is consistent with
the PZC values of chitosan composites reported in previous studies (Table 6).
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an approximately pH of 4.4 (technical replicates = 2).

Table 6. PZC values of chitosan composites reported in previous studies.

Material PZC Value Reference

NH2-MIL-101(Al)/chitosan nanocomposite 4.6 [10]

Pectin–chitosan binary composites 3.8 (in DMSO)
4.7 (in water) [46]

Chitosan/iron oxide nanocomposite 4 to 10 [11]
Chitosan-coated MNP 4.4 This study

The zeta potential of the bacteria provides insight into their surface charge. The zeta
potential of the cMNP was negative, consistent with its PZC being less than the pH of
PBS (pH = 7.4). The zeta potential of both bacteria was negative (Figure 4a). Bacteria
tend to have a net negatively charged surface in near-neutral pH, with only a few species
exhibiting a net positive charge [47,48]. For gram-negative bacteria like Salmonella and
E. coli, the negative surface charge can be attributed to phosphoryl and carboxylate groups
on the lipopolysaccharide on the outer membrane [49]. Despite having negative charges,
the cMNP interacted significantly with both bacteria, as observed in the adsorption ex-
periments performed in PBS. Bacterial cells have been shown to adsorb on materials with
negatively charged surfaces [50,51]. This suggests that other types of interactions, such as
hydrophobic and ligand–receptor interactions, also play a role in the adsorption process
besides electrostatic interaction [43].
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Figure 4. (a) Zeta potential of MNP, Salmonella Enteritidis (SE), and E. coli (EC) in phosphate buffer
(PB) and phosphate-buffered saline (PBS). (b) Capture efficiency of Salmonella Enteritidis, and E. coli
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in phosphate buffer and phosphate-buffered saline. Asterisks “*” indicate the significant difference,
and “n.s.” indicates the insignificant difference between treatments following Welch’s test (α = 0.05,
technical replicates = 3).

3.5. Effect of Ionic Strength

The effect of ionic strength on bacterial adsorption was investigated by performing
adsorption experiments at different ionic strengths. Phosphate buffer has lower ionic
strength than phosphate-buffered saline. The cMNP and the bacteria had significantly
lower zeta potential magnitudes (p < 0.05) when the ionic strength of the solution was high
(Figure 4a), consistent with prior studies that showed the inverse relationship between
the zeta potential of particles and the ionic strength of the solution [52–56]. It was also
determined that the effect of ionic strength on capture efficiency was more pronounced in
E. coli (p = 0.004) than in Salmonella Enteritidis (p = 0.131) (Figure 4b).

3.6. Effect of pH

Adsorption experiments were performed at various pH levels since the surface charge
of the cMNP and the bacteria could be influenced by the pH of the solution. Both bacteria
had negative zeta potentials from pH 4 to 7 (Figure 5a). The capture efficiency increased
significantly at pH 4 compared to pH 5 to 7 (p < 0.05) (Figure 5b).
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Figure 5. (a) Zeta potential of Salmonella Enteritidis (SE) and E. coli (EC) measured at different pH
(technical replicates = 3). (b) Capture efficiency of Salmonella Enteritidis (left) and E. coli (right)
measured at different pH. Similar letter labels above the bars indicate the non-significant difference
between the treatments following Tukey’s HSD test (α = 0.05, technical replicates = 3).

4. Discussion
The interaction between bacteria and surfaces can be viewed as a ligand–receptor

interaction [43,48]. The binding of cMNP on flagella is consistent with earlier studies
involving the adsorption of flagella-containing species like Vibrio spp. and Pseudomonas
fluorescens, suggesting that the adsorption is not limited to the ends or tips but also includes
other surfaces of these appendages [57–59]. The attachment of the MNP to the bacterial
ends and flagella suggests that receptors binding to the cMNP can be present in these
regions. This spatial limitation is characteristic of ligand–receptor interaction [43], where
the protein receptors can be present in specific areas of the bacterial surface, corroborating
the earlier proposed mechanism [20].

Adsorption studies have been performed to gain insight into the interaction between
bacteria and various materials. The heterogeneity of the surface oil palm kernel biochar
was determined to be an important factor in the adsorption of Bacillus cereus, Bacillus
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salmalaya, and Bacillus amyloliquefaciens based on the significant fit of the adsorption data
on the Freundlich isotherm [28,29]. Fitting adsorption data on adsorption isotherms was
performed to determine the effect of pH on the adsorption of Pseudomonas putida on
nanostructured silicon carbide [30]. The maximum sorption capacity of different Fe-N-S-co-
doped porous carbon materials for E. coli and Bacillus cereus was determined based on the
obtained Langmuir isotherm parameters [60]. The diffusivities of E. coli and Staphylococcus
aureus on single-walled carbon nanotubes were determined based on adsorption kinetic
studies [61]. In this study, adsorption data were fitted on PFO and PSO kinetic models and
Langmuir and Freundlich isotherms.

Adsorption experiments were performed using diluted bacterial cultures grown in TSB
for 3–4 h. Past studies on Salmonella and E. coli growth kinetics show that these bacteria are
in their logarithmic growth phase within 3–4 h [62–64]. These cultures were used to ensure
uniform bacterial activity during the adsorption experiments. At the 103–105 CFU/mL
concentration range, adsorption can be described using PSO kinetics and the Freundlich
isotherm. This suggests that chemical sorption plays a role in Salmonella Enteritidis and E.
coli adsorption on the cMNP. Bacterial adsorption that follows PSO kinetics [2,29,38] and
the Freundlich isotherm [28,29,45] has been previously reported. Processes that follow PSO
kinetics typically have chemical sorption as the rate-limiting step [37,65,66]. Examining the
Freundlich parameters, both Salmonella Enteritidis and E. coli have a 1/n < 1, suggesting
that the adsorption of these bacteria on the cMNP is favorable [32] and that chemical
sorption is involved in the process [65]. Some bacterial appendages can specifically bind
with certain chemical moieties on the material surface [43]. The F-17 fimbriae present in E.
coli [67] bind with N-acetylglucosamine [68], a structural subunit of the chitosan coating
of the cMNP. Salmonella has a giant non-fimbrial adhesin, SiiE, present on its surface that
binds with N-acetylglucosamine [69].

The increase in the capture efficiency with increasing ionic strength could be attributed
to the effect of ionic strength on the thickness of the electrical double layer of the cMNP
and the bacteria. The thickness of the electrical double layer increases exponentially with
decreasing ionic strength [70], resulting in a greater surface potential [70], as indicated by
the zeta potential values. Since the cMNP is negatively charged in PB or PBS, the bacteria
still experience repulsion. However, with a compressed electrical double layer at higher
ionic strength, the distance between the cMNP and the bacteria is smaller. Filamentous
bacterial structures and surface polymers can bridge this gap, overcoming the repulsion and
thus binding with the cMNP [71,72]. This is consistent with earlier reports indicating the
positive relationship between bacterial adsorption and ionic strength. Gram-negative cocci
isolated from an unconfined aquifer were found to adsorb less on prepared sand samples
when the ionic strength of the diluent was decreased tenfold [73]. The affinity of Vibrio
alginolyticus to hydroxyapatite was found to increase with increasing ionic strength [74].
In addition, if the ionic strength is high enough that the repulsion will be short-ranged,
hydrophobic interaction may bypass the repulsive forces [72]. Based on this information, it
is possible that the difference in the influence of ionic strength on the capture efficiencies of
Salmonella Enteritidis and E. coli could be attributed to the ability of the surface structures
of E. coli to bridge its gap with cMNP. Lowering the pH to 4 (lower than the PZC of the
MNP) results in the development of a positive charge on the surface of the MNP, allowing
the negatively charged bacteria to interact strongly with the cMNP, thus resulting in higher
capture efficiency.

The adsorption capacity for Salmonella Enteritidis is less than that for E. coli, suggesting
that more MNP needs to interact with Salmonella Enteritidis to capture it than E. coli. This is
consistent with the lower capture efficiency of Salmonella Enteritidis. Salmonella cells are,
on average, larger than E. coli cells [75,76]. Due to its larger size, more cMNP interacts
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with it than E. coli, resulting in a lower adsorption capacity. The differences in the surface
moieties and structures also contribute to the variation in capture efficiency. The SiiE
protein of Salmonella may require the cMNP to be at a much closer distance for binding.
In comparison, the F-17 fimbriae of E. coli can reach a longer distance to bind with cMNP,
resulting in less efficient binding for Salmonella Enteritidis than E. coli.

In this study, adsorption experiments were performed at bacterial concentrations
approaching the infectious dose of foodborne pathogens [77,78], complementing previous
adsorption studies at higher cell concentrations (Table 5). This emphasizes the value of
the results since adsorption studies are seldom performed at this concentration range.
Understanding how the cMNP and pathogenic bacteria interact at this concentration
range is vital in developing a rapid analysis sample preparation procedure based on these
interactions. It should be noted that the results apply within the concentration range of
103 and 105 CFU/mL. As cell concentration may influence how the bacteria and the cMNP
interact, validating this study at concentrations beyond the range is therefore recommended.

While many physicochemical forces are involved in bacterial adsorption, they are
not independent [71], as they are all necessary to achieve adsorption. Planktonic bacteria
prefer growing on surfaces rather than in the surrounding liquid. The cMNP serves
as a surface where bacteria can latch on. The bacteria are transported near the surface
by non-specific, long-range interactions such as Brownian motion and van der Waals
attraction forces. Once they are near the surface, the influence of short-range interactions
such as hydrogen bonding, ionic and dipole interactions, and hydrophobic interactions
becomes more significant [79]. These forces constitute the first level of interaction between
the bacteria and the surface [43]. Mathematical models such as the Derjaguin–Landa–
Verwey–Overbeek (DLVO) and the extended DLVO theories are developed to describe
these interactions in the context of colloidal systems [43,48]. However, the complexity of
bacterial surfaces makes it difficult for these kinds of theoretical models to describe the
interaction process adequately. Protruding filamentous structures on the surface of the
bacteria, such as the F-17 fimbriae identified in E. coli and some Salmonella serotypes, can
bridge the gap between the bacterial surface and the material’s surface [67]. On the other
hand, the SiiE adhesin makes the Salmonella surface more complex [80].

This study focused on Salmonella Enteritidis and E. coli adsorption on cMNP in a
controlled environment using buffers. Future research should aim to validate these findings
in more complex matrices. Additionally, it would be beneficial to test other serotypes of
Salmonella enterica and E. coli to see if similar patterns could be observed. Given the
differences in cell morphology and surface structures between the species studied, it is
also recommended to examine other significant genera, such as Staphylococcus, Listeria,
and Campylobacter. Another limitation of this study is that the insights regarding the
mechanism are derived from observations made on transmission electron microscopy
images and adsorption experiments. Future studies that can provide direct evidence of
specific receptors on the preferred binding sites are recommended. The application of the
models is limited within the cell concentration range tested. Additional studies can be
performed outside the range, especially in low contamination levels.

5. Conclusions
This study highlights the use of adsorption studies to investigate the interac-

tion between Salmonella Enteritidis, E. coli, and cMNP at lower concentration ranges
(103–105 CFU/mL). The results indicate that chemisorption (e.g., ligand–receptor, elec-
trostatic, and hydrophobic interactions) is a major factor in the adsorption and that efficient
cell capture can be obtained within at least 15 min of incubation. In addition, the ionic
strength and pH of the sample play an important role in improving the performance of
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cMNP-based sample preparation. Future directions of this study include optimizing and
validating Salmonella Enteritidis and E. coli adsorption from complex samples representative
of matrices from food production and processing systems. Furthermore, the adsorption
of other foodborne pathogens on the cMNP and the incorporation of the optimized MNP-
based sample preparation on rapid detection platforms, such as nano-biosensor-based
detection, will be explored.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells14030225/s1, Reference to the magnetization curve; Equations
to calculate adsorption capacity and capture efficiency.
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