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Abstract: Chitosan is obtained from the deacetylation of chitin, and it is known to possess antimicro-
bial activity. It has attracted attention as it may be used for treating infections caused by different
types of microorganisms due to its broad spectrum. Its application in the form of micro- or nanopar-
ticles (CM/CN) has expanded its usage, as in this form, it retains its activity, and remain stable
in aqueous solutions. However, inconsistencies in the results reported by different authors have
been identified. In this communication, the antimicrobial activity of CN produced from different
starting materials was tested against Listeria monocytogenes. It was observed that, even though all
the starting materials were reported to have a molecular weight (MW) below 200 kDa and degree
of deacetylation (DD) > 75%, the size of the CNs were significantly different (263 nm vs. 607 nm).
Furthermore, these differences in sizes exerted a direct effect on the antimicrobial properties of the
particles, as when testing the ones with the smallest size, i.e., 263 nm, a lower Minimum Inhibitory
Concentration (MIC) was achieved, i.e., 0.04 mg/mL. Even though the largest particles, i.e., 607 nm,
in individual experiments were able to achieve an MIC of 0.03 mg/mL, the results with CN presented
great variation among replicates and up to 0.2 mg/mL were needed in other replicates. The starting
material has a critical impact on the properties of the CN, and it must be carefully characterized and
selected for the intended application, and MW and DD solely do not fully account for these properties.

Keywords: chitosan nanoparticles; antimicrobial; Listeria monocytogenes; low molecular weight

1. Introduction

Chitosan is a biopolymer that is obtained by the partial deacetylation of chitin, being
the second most abundant polysaccharide in nature. Chitin is found as part of the exoskele-
tons of shrimps, crabs, and lobsters among other sources, and it is an important by-product
of the food industry, which is frequently discarded [1,2]. However, chitosan has been
reported to have properties including antimicrobial, antioxidant, and antitumor activities
that make it attractive for different applications, including its use in the food industry as
an additive or for the production of films for food packaging [3]. Finding a second life for
these types of discards generated by the food industry to obtain new products, with added
value, is of great interest and in line with the Sustainable Development Goals published
by the World Health Organization (https://www.who.int/europe/about-us/our-work/
sustainable-development-goals).

One of the most commonly explored attributes of chitosan is its antimicrobial activity
due to its broad spectrum activity and the emerging problem associated with antimicrobial
resistance [4]. It was reported that in chitosan’s pure format the antimicrobial activity is still
remarkably lower than that of clinical drugs [1]. However, several parameters are known
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to affect the antimicrobial properties of chitosan, typically the degree of deacetylation
and the molecular weight [5,6], for which low molecular weight chitosan was reported
to have a stronger antimicrobial activity [7]. A way to enhance the antimicrobial activity
of chitosan is its formulation as micro- and nanoparticles (CM/CN) due to the higher
surface-to-volume ratio, allowing for higher interactions with the bacteria compared to the
native compound [6,8].

L. monocytogenes is a well-known human pathogen, the causative agent of human
listeriosis. This microorganism is highly resistant to harsh environmental conditions, and
can survive, and even grow, under common refrigeration conditions [9]. Chitosan has
the category of GRAS (Generally Regarded As Safe) and is approved as a food additive
in several countries [10–12]. Furthermore, its application as CM/CN has already been
described for the reduction of foodborne bacterial pathogens like Salmonella spp. and Vibrio
spp. in complex matrixes [13,14]. But similar studies targeting L. monocytogenes are scarce
as most combine the CN with metal ions, essential oils, or other compounds [15–18], and in
most cases, these types of studies are applied for pure cultures [19]. Furthermore, great
variation has been observed in the antimicrobial properties reported for CM/CN by differ-
ent research groups. Thus, the goal of the present study was to determine which chitosan
was more suited for the synthesis of CN with antimicrobial activity against L. monocytogenes
for future applications on food products. To accomplish this goal, in-depth characterization
in terms of particle size, zeta potential, Fourier-transform infrared spectroscopy, dynamic
light scattering, nanoparticle tracking analysis, and Minimum Inhibitory Concentration
was performed, seeking for a relationship between the physicochemical properties and the
antimicrobial activity as it is hypothesized that solely the molecular weight of the starting
material does not fully account for the antimicrobial activity.

2. Results
2.1. CN Synthesis

CNs were synthesized following the synthetic procedure reported by Garrido-Maestu et al.
with slight modifications [7]. Two chitosans from different sources, named here as SA1
(Sigma-Aldrich-1, Sigma-Aldrich Co. LLC., St. Louis, MO, USA) and SA2 (Sigma-Aldrich-2,
Sigma-Aldrich Co. LLC., St. Louis, MO, USA), were used to create the nanoparticles
(NPs) (Table 1 in Materials and Methods section), and the effect of the chitosans’ source
on their antimicrobial activity was studied. After CN synthesis, the purification step was
modified to improve the CN yield substituting the routine centrifugation by dialysis against
ultrapure water. Thus, the final concentration of CN obtained after the production step
was 0.02 g/mL for SA1 and 0.017 g/mL for SA2; thus, no major differences in the final
concentration of CN generated was observed regardless the starting material selected.

Table 1. Chitosan tested in the present study.

Supplier Reference MW 1 DD 2

Sigma-Aldrich-1 (SA1) 448869 50–190 75–85%
Sigma-Aldrich-2 (SA2) C3646 90–190 * ≥75%

1 Molecular weight in KDa. 2 Degree of deacetylation. * MW obtained from He et al. [20].

2.2. CN Characterization
2.2.1. CN Size and Zeta (ζ) Potential

CNs were characterized using Fourier-transform infrared spectroscopy (FTIR). Both
chitosans alone, and particulate chitosans, showed characteristic bands [21] (Figure 1):
~1025 cm−1 and ~1060 cm−1 assigned to C-OH stretching vibrations of primary and
secondary alcohol, respectively; ~1375 cm−1 assigned to C-N bending vibration; and
~1545 cm−1 and ~1640 cm−1 assigned to N-H bending vibration of N-acetylated residues
and C=O stretching of the secondary amide, respectively. Only in the case of SA2 chitosan,
the characteristic bands centered at 3360 cm−1 and 2865 cm−1 for O-H and N-H stretching
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vibrations and C-H stretching vibration, respectively, were observed. In the case of both SA1
and SA2, the presence of CNs could be observed due to the presence of a characteristic band
centered at 612 cm−1 that corresponds to the asymmetric bending vibration of sulphate
(SO4), which acts as a cross-linker in the formation of the nanoparticles [22].

Polymers 2023, 15, x FOR PEER REVIEW  3 of 11 
 

 

2.2. CN Characterization 

2.2.1. CN Size and Zeta (ζ) Potential 

CNs were characterized using Fourier-transform infrared spectroscopy (FTIR). Both 

chitosans alone, and particulate chitosans,  showed characteristic bands  [21]  (Figure 1): 

~1025 cm−1 and ~1060 cm−1 assigned to C-OH stretching vibrations of primary and second-

ary alcohol, respectively; ~1375 cm−1 assigned to C-N bending vibration; and ~1545 cm−1 

and  ~1640  cm−1 assigned  to N-H bending vibration of N-acetylated  residues  and C=O 

stretching of the secondary amide, respectively. Only in the case of SA2 chitosan, the char-

acteristic bands centered at 3360 cm−1 and 2865 cm−1 for O-H and N-H stretching vibrations 

and C-H stretching vibration, respectively, were observed. In the case of both SA1 and 

SA2, the presence of CNs could be observed due to the presence of a characteristic band 

centered at 612 cm−1  that corresponds  to  the asymmetric bending vibration of sulphate 

(SO4), which acts as a cross-linker in the formation of the nanoparticles [22]. 

 

Figure 1. FTIR spectra of chitosan and chitosan NPs. The dotted yellow rectangles indicate the rep-

resentative bands of chitosan. The dotted purple rectangle indicates the representative band corre-

sponding to sulphate that acts as a cross-linker in the formation of CNs. 

Results also show significant size differences among the CN generated with the dif-

ferent starting materials, even  though all of  them have  low molecular weight. SA1 CN 

presented the smallest hydrodynamic diameter, while SA2 CN had almost three-fold big-

ger size (Table 1). This difference can be attributed to a higher contribution, in the case of 

SA2, in terms of higher weight fraction from highest molecular weight (see Table 1 in Ma-

terials and Methods section) [23]. 

Regarding the ζ potential, all the CN presented positive values with an average above 

30 mV, except for SA2 which was slightly below this value. Specific data can be found in 

Table 2. The morphology of the generated CNs was confirmed using Scanning Electron 

Microscopy  (SEM). As  it  can be observed  in Figure 2a,b,  the particles generated were 

spherical. Although the majority of NPs are well dispersed (i.e., single NP), some aggre-

gates are observed  in SEM  images. This  together with  the high PDI obtained by DLS 

proves that these NPs present high polydispersity, i.e., very wide size distribution. 

Figure 1. FTIR spectra of chitosan and chitosan NPs. The dotted yellow rectangles indicate the
representative bands of chitosan. The dotted purple rectangle indicates the representative band
corresponding to sulphate that acts as a cross-linker in the formation of CNs.

Results also show significant size differences among the CN generated with the
different starting materials, even though all of them have low molecular weight. SA1 CN
presented the smallest hydrodynamic diameter, while SA2 CN had almost three-fold bigger
size (Table 1). This difference can be attributed to a higher contribution, in the case of SA2,
in terms of higher weight fraction from highest molecular weight (see Table 1 in Materials
and Methods section) [23].

Regarding the ζ potential, all the CN presented positive values with an average
above 30 mV, except for SA2 which was slightly below this value. Specific data can be
found in Table 2. The morphology of the generated CNs was confirmed using Scanning
Electron Microscopy (SEM). As it can be observed in Figure 2a,b, the particles generated
were spherical. Although the majority of NPs are well dispersed (i.e., single NP), some
aggregates are observed in SEM images. This together with the high PDI obtained by DLS
proves that these NPs present high polydispersity, i.e., very wide size distribution.

Table 2. CN hydrodynamic size, ζ potential, and polydispersity index (PDI).

Chitosan Size ± SD (1) ζ Potential ± SD (2) PDI ± SD (1)

SA1 267.00 ± 53.00 +36.80 ± 14.80 0.83 ± 0.26
SA2 607.00 ± 37.00 +27.03 ± 14.72 0.84 ± 0.18

(1) Hydrodynamic size (i.e., Z-average) measured in nm and polydispersity index (PDI) were estimated using
DLS. Five correlation functions were measured at room temperature and scattering angle of 173◦ for 60 s
(mean ± standard deviation (SD)). (2) ζ potential (mV) was measured five times.
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Figure 2. Representative SEM images obtained from SA2 (a) and SA1 (b) at 10,000×.

Owing to the high polydispersity observed for both CNs, the hydrodynamic size,
size distribution, and NP/mL concentration were measured using nanoparticle tracking
analysis (NTA) since it is less sensitive to the presence of different population sizes and
the presence of aggregates than DLS [24,25]. Unlike DLS, NTA analysis shows that the
average hydrodynamic size of both CNs are similar, only SA1 CN presented slightly
smaller size than SA2 CN (see Table 3, mean size and D90). Interestingly, although the
mass concentration (g/mL) was similar in both cases (see Section 2.1), SA1 CN displayed a
10-fold higher concentration of NP/mL than SA2 CN: 42 × 1010 vs. 4 × 1010. This difference
can be attributed, in part, to SA1 CN that involves a higher fraction of smaller NPs than SA2
CN, as shown in Figure 3, and the smaller size in terms of mean size, D50 and D90, obtained
using NTA (Table 2). However, other possible justification is the stiffness variation between
SA1 and SA2, which depends on the electrostatic interactions between the chitosan chains
and between chitosan chain and sulphate ions as well as the hydrophobic interactions and
hydrogen bond formations between the chitosan chains [26]. Thus, lower stiffness of SA1
could explain the higher number of NPs formed during the synthesis.
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Table 3. Parameters obtained using NTA related to particle concentration, particles per frame, mean
size, standard deviation, and percentiles of CNs.

SA1 CN SA2 CN

NP/mL (×1010) 42 ± 8 4 ± 1
NP/frame (1) 19 ± 0.4 25 ± 0.4

Mean size 341 ± 5 350 ± 4
SD 98 ± 5 131 ± 2

Size D10 (2) 194 ± 3 176 ± 3
Size D50 (2) 350 ± 3 366 ± 6
Size D90 (2) 458 ± 7 508 ± 4

(1) The samples were diluted according to ha NP/frame lower than 30 (SA1 was diluted 2000× and SA2 was
diluted 100×). (2) The percentile means are as follows: D90—90% of the total particles are smaller than a particular
size; D50—50% of the total particles are smaller than a particular size; and D10—10% of the total particles are
smaller than a particular size.

2.2.2. Minimum Inhibitory Concentration (MIC)

The MIC value obtained with E. coli O157:H7 was 1.2 mg/mL when using SA1;
however, a much lower concentration was determined to be the MIC for this CN when
L. monocytogenes was used, i.e., 0.04 mg/mL. Regarding the CN generated with the chitosan
SA2, the MIC obtained variable results ranging from 0.03 to 0.2 mg/mL (L. monocytogenes
with CN SA1 was used as a positive control). It is worth noting that this experiment
was performed in triplicate and that, regardless of the specific values obtained, only
highly reproducible results were obtained with the CN obtained from SA1, while for other
materials, a high variability in the MIC values was observed among replicates. A typical
outcome of these results is presented in Figure 4a,b where growth inhibition is indicated by
the lack of turbidity.
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3. Discussion

Chitosan is a biopolymer obtained from chitin reported to have a wide range of
properties that have attracted the scientific community’s attention. One of these is its
antimicrobial activity, which can be enhanced by using chitosan in the form of micro- and
nanoparticles (CM/CN). These results are of outmost interest due to the need to identify
novel antimicrobials to tackle the increasing threat of antibiotic-resistant microorganisms
and, on the other hand, to eliminate microbial pathogens in food products. In this regard,
it must be noted that in 2011 an European Regulation was put into place to control the
presence of nanomaterials in foods [27]. The antimicrobial activity of CM/CN has been
tested against different Gram-negative bacteria, such as E. coli and Salmonella spp., as well
as Gram-positive ones, like S. aureus [28–30]; however, tests including L. monocytogenes
are scarce. In addition to this, the antimicrobial properties of CM/CN, as well as native
chitosan, present great variability; thus, there is a need for the determination of which
starting chitosan material provides best CM/CN in terms of their antimicrobial properties.

It was previously reported that chitosan with low molecular weight allowed for smaller
CN to be obtained, and that these exhibited improved antimicrobial activity observed as
a lower MIC [7]; thus, in the present study, two different chitosans from a commercial
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supplier were used for the synthesis of CN. Both presented a similar MW, below <200 KDa,
and with similar degrees of deacetylation, >75%.

The very first interesting observation was that even though both starting materials
had similar MW, the CN obtained were remarkably different as only one of the materials
allowed to obtain particles with a size below 300 nm, i.e., SA1, and these values were in
agreement with previous studies performed with this material; however, the modification
in the purification process, namely, the use of dialysis instead of centrifugation, allowed
to increase the yield of CN obtained in the original study, from ~20–30% to ~100%, as no
CN loses were observed in the dialysis process, while with centrifugation-rinsing protocol,
particles were always eliminated in the supernatant [7]. In terms of legislative implications,
if intended for food applications, the current CN would be non-compliant to European
Regulation 1169/2011 where nanomaterials are defined as those below 100 nm, or larger
aggregates but with components below this size, as the individual CN measured in this
study were always larger than 200 nm [27].

It was observed that the PDI value obtained for these CN, regardless of the start-
ing material, was relatively high, i.e., >0.8. Other studies using the same references and
CN synthesis protocols obtained lower values, i.e., 0.3–0.4, with a similar particle size,
i.e., 200–500 nm, depending on the specific starting material [7,12]. However, in these stud-
ies, the purification procedure consisted of sequential centrifugation steps in comparison to
the dialysis performed in the present study. This is also consistent with other studies where
using the same CN synthesis protocol, i.e., ion gelation, but with sodium tripolyphosphate
as cross-linker, high PDI values were obtained [31–34]. In addition to this, it must not be
overseen that other factors may be involved, for instance, Rodrigues et al. indicated a
correlation of the DD with the PDI [33].

In terms of the MIC obtained with each one of the CN, the best results were obtained
with SA1 as it reached a value of 0.04 mg/mL, but most importantly, these results were
highly reproducible attending based on experiments being performed in triplicate. This is
in agreement with the hypothesis that smaller CN may present higher antimicrobial activity
due to higher surface-to-volume ratio, thus providing a higher surface for interaction with
the microorganisms [7]. In a previous study by Alebouyeh et al., a MIC of 0.8 mg/mL of
CN was reported against L. monocytogenes [19] being this value significantly higher than
those reported in the present study; however, these differences may be explained by the
bacterial strain selected, type of chitosan, and the process of generation of CN. All these
highlight the relevance of the present work as an attempt to aid in the unification of CN
synthesis to obtain comparable antimicrobial activity results among different groups.

In the present study, initially E. coli O157:H7 was used as a reference as Garrido-Maestu
et al. had already selected this microorganism to evaluate SA1 [7]. It was observed that the
MIC obtained with this Gram-negative bacterium was higher than with L. monocytogenes,
which is Gram-positive. Several studies have reported results in line with ours, where Gram-
positive bacteria were more susceptible to CN [19,35]; however, some others have indicated
an opposite effect [36–38]. As mentioned above, these differences may be associated
with not only the MW of the chitosan as typically reported but with the actual source of
the material.

Regarding SA2, overall, significantly large particles were generated, i.e., >500 nm,
and even though it was possible to reach MIC values in the range of those of SA1,
i.e., 0.03–0.06 mg/mL, these results were not reproducible, and up to 0.2 mg/mL was
needed in other replicates to inhibit the growth of L. monocytogenes. This may be explained
by the particle size obtained with this material, as discussed above. It is important to note
that even though in the studies of He et al. and Formica et al. a MW of ~200 KDa was
reported for this particular chitosan [20,39], Grigoriev et al. indicated that this particular
material had a MW of 320 KDa [40], and Garrido-Maestu et al. even indicated a MW of
800 KDa [7]. The discrepancies in the appropriate characterization of the material may
have biased our observations as they were based on the initial hypothesis of similar MW
and DD. This highlights the importance of proper and accurate characterization of the



Polymers 2023, 15, 3759 7 of 11

starting material for the intended application, as shown in this study, and this will have a
profound impact on the final result, both in terms of the physicochemical and antimicrobial
properties of the CN generated.

4. Materials and Methods
4.1. Bacterial Strains, Culture Media, and Inoculum Preparation

L. monocytogenes WDCM 00021 purchased from the Spanish Type Culture Collection
was used as the reference microorganism for the evaluation of the antimicrobial activity of
the CN generated. Fresh cultures were prepared by resuspending one single colony in 4 mL
of Luria Bertani broth (LB, PanReac AppliChem, Barcelona, Spain) and the suspension was
incubated at 37 ◦C overnight. The following day, the fresh culture was used to prepare a
1:200 dilution in fresh LB and was further incubated at 37 ◦C under constant agitation, at
120 rpm, until an OD600 of ~0.5 was reached (~108 CFU/mL); this new culture was ten-fold
serially diluted to reach ~106 CFU/mL, and from this dilution, 100 µL was added to 10 mL
of fresh LB (final bacterial concentration of ~104 CFU/mL). This inoculum preparation
procedure was followed in order to have the microorganisms under exponential growth
rather than in stationary phase.

The same procedure was followed to prepare cultures of E. coli O157:H7 AMC 76 kindly
provided by the Institute of Applied Microbiology-ASMECRUZ, which was used as control
in the determination of the Minimum Inhibitory Concentration (MIC) detailed below.

For both bacterial species, confirmation of the final desired concentration was per-
formed by plating ten-fold serial dilutions of the corresponding cultures on TSYEA and TSA
for L. monocytogenes and E. coli, respectively (both media acquired from Biokar Diagnostics
SA, Paris, France). The plates were incubated overnight at 37 ◦C.

4.2. Chitosan Selection, CN Synthesis, and Characterization
4.2.1. Chitosan Selection

A total of three different chitosans, obtained from two different suppliers, were evalu-
ated. All of them had low molecular weight as higher antimicrobial activity was reported
compared to medium or high molecular weight alternatives, and with a similar degree of
deacetylation. Additional information for each one of the materials tested are provided in
Table 2.

4.2.2. CN Synthesis

The generation of the CN was performed following the ion gelation protocol originally
described by Jeon et al. and later optimized by Garrido-Maestu et al [7,41]. The protocol
was only modified replacing the purification steps originally performed by sequential
centrifugation and rinsing with milliQ water, for dialysis. Briefly, the complete protocol
consisted of preparing a 2% chitosan suspension in water with 1% Tween 80 (Sigma-Aldrich
Co. LLC., St. Louis, MO, USA) and 2% acetic acid (Sigma-Aldrich Co. LLC., St. Louis,
MO, USA), and once dissolved, a final concentration of 0.5% of sodium sulfate (Sigma-
Aldrich Co. LLC., St. Louis, MO, USA) was added drop-wise under constant stirring
and sonication at 60 W for a total of 20 min, and the final CN suspension generated was
sonicated for another 25 min. Typically, 100 mL were prepared for each type of starting
chitosan. The freshly generated CN was transferred into a dialysis membrane (OrDial
D14-MWCO 12000–14000—Orange Scientific, Braine-l’Alleud, Belgium) and placed in a
beaker with milliQ water under constant stirring. The water was changed every hour for
three consecutive hours, then was left overnight, and on the following day a final water
change was performed [7,41,42]. From each CN suspension, the mass concentration was
determined using simply weighing. Briefly, 1 mL aliquot of CN sample was taken and
dehydrated at 62 ◦C into a 2 mL glass vial. After drying, the sample-contained vial was
weighed and mass corresponded to CN was estimated by the weight difference between
empty vial and sample-containing vial. The procedure was conducted in triplicate.
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4.2.3. CN Characterization
Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectrometry (FTIR)

ATR-FTIR analysis was carried out using a Vertex 80v vacuum FTIR Spectrometer
(Bruker, Bremen, Germany). Samples were scanned in the wavenumber region from
4000 and 400 cm−1. The chitosan sources were analyzed in powder, while 100 µL of CNs
was deposited on glass coverslip and dried before the measurement.

DLS and ζ Potential

The hydrodynamic size and surface charge of the CNs were estimated using a Nanopar-
ticle Analyzer (SZ-100, Horiba Scientific, Amadora, Portugal). The ζ potential of CN
samples was measured in a dispersion of 200 µL/mL in milliQ water at 25 ◦C. The Smolu-
chowski approximation [43] was fitted to electrophoretic mobility measurements, and five
runs were performed for each sample to calculate the mean and standard deviation (SD).
Hydrodynamic size (i.e., Z-average) and polydispersity index (PDI of 200 µL/mL) for
aqueous CN dispersions were measured using dynamic light scattering (DLS) at room
temperature (i.e., 25 ◦C) with a scattering angle of 173 ◦. Five correlation functions were
collected over 60 s, each one to estimate the Z-average using the Cumulant method.

NTA

The hydrodynamic size, size distribution, and NP/mL concentration were analyzed
with NTA using a Nanosight NS300 (Malvern Panalytical, Malvern, UK) provided with a
488 nm CW laser (max. power < 55 mW). The sample was diluted to obtain <30 NP/frame
using milli-Q water and 1 mL of diluted sample was placed in a 1 mL plastic syringe (Fisher
Scientific, Porto Salvo, Portugal). The analysis was performed using a flow-cell top-plate
made of glass and sealed with a PDMS ring, fluxed at a speed of 100, and imaged with
a camera level and screen gain set at 13 and 2.1 (slider shutter = 1232; slider gain = 175),
respectively. Five videos of 60 s each were recorded (total frames = 1498). The chamber
was cleaned after every sample using milli-Q water.

Scanning Electron Microscopy (SEM)

SEM analysis of the CN samples were performed in a SEM FEI Quanta 650 FEG
(Quanta 650 FEG, FEI, Hillsboro, OR, USA), operating at high vacuum, an acceleration
voltage of 5 kV and spot size of three. Five microliters of CN dispersion at a concentration of
50 µL/mL were drop-casted on a silicon wafer and left to dry. The CN-supported Si wafer
was placed on pin stub (standard 12.7 mm, 8 mm pin length, Ted Pella Redding, CA, USA),
and subsequently, the sample was coated with gold using an EM ACE600 coating sys-
tem (Leica microsystems Lda, Portugal) to enhance the conductivity of the sample for
SEM analysis.

MIC

The determination of the MIC of the CN generated with the different starting materials
was performed in triplicate covering the range of 0.02 to 2.0 mg/mL using bacterial cultures
in exponential phase prepared as detailed in Section 4.1. The bacteria were added to 10 mL
of fresh media. The CN were added at fixed volumes, i.e., 10 or 100 µL, and this accounted
for the minor differences observed in the final concentrations of the MICs, even though
the initial concentration of each material was very similar, i.e., 0.02 vs. 0.017 g/mL, but
it was not exactly the same. The tubes with the fresh media, the bacteria, and the CN
were incubated horizontally in an orbital incubator (VWR, Radnor, PA, USA) at 37 ◦C and
120 rpm for 24 h. The assessment was performed by naked-eye observation of turbidity.

5. Conclusions

It was confirmed that the starting material has a critical impact on the final CN ob-
tained; thus, it must be carefully characterized. In this regard, differences in molecular
weight and/or degree of deacetylation may not fully account for the differences observed
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among the CN generated. The effect observed was not only limited by physical proper-
ties of the CN such as particle size or ζ potential, but also by other properties like their
antimicrobial activity. The data obtained in the current study support previous observa-
tions indicating that the CN with the smaller particle size exhibited better antimicrobial
properties in terms of consistency of the results, as well as the MIC obtained against
L. monocytogenes.
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