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ABSTRACT

The synthesis of pectin-based films containing nanoparticles of CuNi (NPs), with potential antimicrobial properties,
as an active solid is presented in this work. The NPs were dispersed in pure pectin to be used as food packaging in the
food industry. The samples obtained were laid flat to characterize the sample thickness. The goal of this work is to find
appropriate electron microscopy techniques to characterize the dispersion of the NPs on the pectin film and the pectin
microstructural and antimicrobial characteristics properly. Different microstructural techniques of scanning electron
microscopy modes were used to study the films, including low-voltage scanning electron microscopy (SEM) and low-
voltage energy-dispersive spectroscopy (EDS). The condition of low beam voltage allows the sample characterization
without destroying the sample surface/bulk due to electron irradiation. The pectin films containing raw NPs (pectin +
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NPs) and milled NPs (pectin + milled NPs) were observed by SEM in two different image modes: secondary electrons

(SE) and backscattered electrons (BSE). The last mode allows the identification of sample components, i.e., matrix +

samples containing different atomic Z numbers. This fact allows us to know the distribution of the metal particles within

the volume of the sample. The results obtained in this work are relevant for the characterization and further use of these

films in the protection of snacks in the food industry.

Keywords: Pectin; Scanning Electron Microscopy; Energy Dispersive Spectroscopy; Cuni Nanoparticles; Food

Packaging

1. Introduction

Currently, the interest in pectin-based films is in-
creasing for their potential application as environmentally
friendly packaging in the food industry "', Pectin is natural-
ly occurring and biodegradable, and due to its gelling and
thickening features, it can absorb water and be tailored to
obtain a thin film. These films are flexible enough to be tun-

able with the incorporation of bioactive agents such as nano-

cellulose, zinc oxide, silver, and multiple metal particles 24
These films present two main components:
. The matrix is composed of pectin with poor mechan-

ical strength and low water barrier properties . As a
film, pectin offers support for the nanoparticles and a
protective covering for the food industry.

. Nanoparticles. The addition of these nanoparticles
often increases the pectin film's mechanical strength,
water barrier properties, and antimicrobial activity
¥ These nanoparticles reinforced the properties of
the pectin films as protective coverings for the food

industry.

In this work, commercial citric pectin and glycerol
are selected to obtain a liquid. The CuNi particles were
added to this liquid phase. This combined phase was laid
as a thin film on a flat plaque and dried at temperatures
higher than ambient.

This methodology was selected due to the possibil-
ity of extending this laboratory layout scheme to a larger
scale of additive manufacturing controlled by 3D printing
nozzles containing the liquid phase over temperature-con-
trolled printing beds .

Nevertheless, the main problem of the study of any
composite, such as films containing particles, is complex.

It is due to the simultaneous determination of the micro-

structure features of two components with very distinc-
tive properties: a very dense conductive metal/alloy and a
non-conductive light structure composed of polysaccha-
rides with low resistance to localized electron irradiation.

Among others, scanning electron microscopy and
associated techniques offer the possibility of the simulta-
neous characterization of these two components in order
to determine the thickness, surface characteristics, particle
size, elemental composition, and particles within the sam-
ple. This is possible by combining imaging in different
modes and spectral analysis at different voltages. These
operating conditions associated with the simulation of the
structure are used to complete the sample study.

Then, the main objective of this paper is to obtain
an appropriate microstructural characterization of the two
components of the films by scanning electron microscopy
and associated techniques and the antimicrobial activity.
The potential use in the food packaging industry justifies
the effort since SEM can be used as a regular technique to
establish a quality marker of the characteristics of the man-
ufactured pectin + NP films.

2. Materials and Methods

2.1. Preparation of the CulNi Nanoparticles

The CuNi particles of this study were synthesized by
the sol-gel method from the corresponding nitrates in a 1:1
molar ratio. Citric acid solutions were added to different
aliquots of a liquid solution containing the Cu®* and Ni**
ions in order to obtain a molar ratio of C/Me = 0.73. In this
ratio, C is the amount of moles of citric acid and Me is the
sum of the amount of moles of both Ni and Cu. Once the
solution was obtained, it was heated at 60 °C and under

vacuum to obtain a viscous gel. After that, the sample was
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gradually heated in a laboratory oven from room tempera-
ture up to 100 °C to obtain the solid precursors. Then, the
solids were heated and reduced to finally reach the CuNi
nanoparticles. Details of this synthesis method are ex-

plained elsewhere "'

. This synthesis method was selected
because it is popularly used to obtain nanoparticles of met-
als and alloys """\, There are other successful methods cur-
rently used to obtain metal nanoparticles in pectin or other
polymer-based matrices such as pectin-based and cotton
fabrics """, Preparation methods include the synthesis of
CuNP’s using S. cumini leaf extract ""*. The method takes
advantage of the role of tannin, phenols, alkaloids and fla-
vonoids as reducing and capping agents in synthesizing the
CuNPs ¥, Other synthesis methods include the use of the
functional groups like carboxylic acid and hydroxyl pres-
ent in pectin "*. These groups make the matrix of pectin
suitable to be covalently bonded with other proteins or bio-
molecules """, Then, pectin is being extensively used to ei-
ther coat or encapsulate metal/alloys nanoparticles (MNPs)
in order to inhibit their aggregation properties . In this
way, the pectin increases the possible use of MNPs for an-
timicrobial activity and drug delivery """, Synthesis meth-
ods also involve the coprecipitation using citrus pectin and
sol-gel methods to obtain Fe/Cu NPs "*. The main result
obtained is that Cu and Fe NP’s offer both catalytic activ-
ity and effective electron transfer processes and the pectin
coating improve the stability and adsorption capacity .
The NP’s + pectin matrix is used in wastewater treatment

applications ',

2.2. Preparation of Bioactive Films

The pectin films were prepared from pure citric com-
mercial pectin of 2% m/m with a 70% esterification per-
centage and a 140 Dka molecular weight and commercial
(Ciccarelli, 99.5% purity) glycerol of 1% m/p dissolved in
pure distilled water. The resulting solution was stirred at
250 rpm at room temperature. The resulting thin film was
laid on flat glass petri dishes. This film was called refer-
ence pectin. Both milled and unmilled CuNi particles were
added to the pectin + glycerol mixture.

The CuNi + pectin films were prepared the same way.

The films containing both milled and milled CuNi
particles + pectin and reference pectin films are analyzed

in this work.

2.3.Scanning Electron Microscopy Character-
ization

The thin films were studied by scanning electron
microscopy using a FEI INSPECT S50 thermionic micro-
scope operated between 100 V and 30 kV. The emissive
mode is measured by selecting the signal obtained in a
standard Everthart Thornley Detector (EDT). The signal
is used to study the superficial features obtained from the
analysis of the inelastic interaction of the electrons of the

'*17 Low primary beam

primary beam with the sample !
voltage and current were selected to avoid damage to the
pectin sample surface. Selected values are lower than 5 kV.
Reflective mode is measured by selecting the signal ob-
tained in the vCD detector located around the microscope
pole piece. This mode analyzes the elastic interaction of
the primary beam with the sample. As a result of this inter-
action, compounds with different average atomic number
(Z) can be identified, leading to an imaging mode with

18-20

compositional contrast " If needed, higher voltages
were used.

The energy dispersive spectroscopy (EDS) measure-
ments were done with an EDAX Octane Pro detector using
a 10 mm’ window area. Measurements were done with a
minimum of 1000 cps (counts per second) with dead times
lower than 20% and voltages between 5 and 20 kV. Oper-
ating conditions were selected in order to identify the ele-
ments and simultaneously trying to avoid sample damage
due to electron beam irradiation **.

Electron trajectories within the solid sample were
simulated by using CASINO ™ software in order to ana-

lyze the imaging and EDS results .

2.4. Microbiological Analysis and Antimicrobi-
al Activity Assays

Microbial contamination in control pectin films,
without the addition of nanoparticles, was evaluated using
Petri dishes of 24.5 mm diameter and 15.5 mm depth. con-
taining a culture medium supplemented with 10% glucose
and 5% yeast extract. The films were placed directly onto
the inoculated media and incubated at 25 °C for 24 h. All
assays were performed in triplicate. The presence of visi-
ble microbial growth on the plates was considered indica-

tive of microbial contamination.
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In addition, the antifungal activity of pectin-based
films incorporating unmilled and milled CuNi nanoparti-
cles was evaluated against phytopathogenic fungi. Strains
of Alternaria sp., Fusarium sp., and Penicillium expansum
INTA 5 were cultured in the same medium (10% glucose
and 5% yeast extract) at 25 °C for 4 days. Conidia were
harvested and suspended in 10 mL of sterile distilled water
containing 0.055% (v/v) Tween 80 in order to prevent ag-
gregation. The concentration of conidia in the suspension
was determined using a Neubauer chamber and adjusted to
5 x 10° conidia mL .

Aliquots of 100 pL of each conidial suspension were
evenly spread onto solid culture media in Petri dishes. Af-
ter a 10 min absorption period, the films were placed on
the agar surface, and the plates were incubated at 25 °C
for 7 days. All experiments were carried out in triplicate.
Antifungal activity was expressed as mycelial growth in-
hibition (MGI), evaluated after 7 days of incubation. The
presence of inhibition zones around the films was consid-
ered indicative of fungal growth inhibition; in cases where

the inhibition halo exceeded 10 mm around the film, com-

plete inhibition (100%) was assumed, whereas total fungal
overgrowth on the film surface was considered as 0% inhi-

bition.

3. Results and Discussion

3.1.Scanning Electron Microscopy Character-
ization

3.1.1. Emissive Mode

Figure 1 shows a mosaic of SEM images obtained
by using an ETD standard detector under different beam
voltages (2 and 10 kV). Figure 1a shows the surface of the
pectin reference sample. The image is obtained by using 2
kV. It is less damaged than the one obtained using 10 kV.
Therefore, voltages of 2 kV or less at times shorter than
30 s were used to characterize the pectin film. These dif-
ferences in imaging quality are due to beam electron irra-
diation which is proportional to both time of exposure and
beam current. The beam current in the thermionic micro-
scope used in this work is proportional to both voltage and

spot.

Figure 1. SEM images from secondary electrons of reference pectin film: (a) 2 kV for 5 min; (b) 10 kV for 5 min.

Then, the SEM characterization is made by focus-
ing on a different zone where the image is obtained. Sam-
ples were not sputtered with Au or equivalent treatment,
and the use of low electron beam voltage allows the im-
aging and fulfills Thevenin’s condition without charging

the sample 7

Figure 2 shows a mosaic of SEM images on the ref-
erence pectin film at 2 kV. This voltage value minimizes
the damage to the film surface. As observed, no highly
marked superficial contrast is detected in Figure 2a. It in-
dicates a completely flat surface. In this image, the surface

is perpendicular to the angle of incidence of the beam. At
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higher voltages and longer exposure times, the primary
beam affects the sample, and the effects of irradiation due
to the scattering of the electrons on the sample bulk pro-
duce damage on the pectin surface, as shown in Figure 1.
This effect is reported in polymer-based materials ** *”.
As a result, pits and holes are produced. Then, the actual
starting material loses its former characteristics. The same
sample is shown in Figure 2b. In this figure, the sample is
tilted at 50° (degrees) with respect to the position shown

in Figure 2a. A tilted position is selected in order to verify

Figure 2. SEM images from secondary electrons of control pectin:

with respect to Figure 2a; (¢) The side of the pectin sample.

£(0) = £(0) x sec(0). (N

Then, tilting the sample is a better approach to de-
termine the presence of surface defects. As observed in
Figure 2b, the sample is quite smooth with no contrast
event at tilting values of 50 degrees. Figure 2¢ shows an
SEM image where the thickness of the reference pectin

film is observed. An average value of ~100 m is shown

@

nm
44 .8
89.5
134.3 —» 5%
179.0 —_—
v 0.0 734 nm

the sample roughness. It is possible because the production
of secondary electrons (¢) depends on the angle between
the sample and the incident electron beam according to
Equation (1) P, In this equation, &(0) is the production of
secondary electrons as a function of the angle between the
perpendicular to the direction of the incident beam and the
tilting angle of the sample. €(0) is the production of sec-
ondary electron when the electron beam is perpendicular
to the sample, and sec(0) is the secant function of the (¢

values.

200 nm 20 um

(a) Surface normal to the electron beam; (b) Tilted surface at 50°

with a scale. The surface of Figure 2¢ corresponds to the
side of the sample, which is not smooth, indicating that the
drying procedure leads to the formation of rough layers on
the border of the sample. The top label of Figure 2¢ corre-
sponds to the upper surface shown in images Figure 2a,b.

Figure 3 shows the simulation of the electron beam
interaction with the solid pectin film at 2 kV and 20 kV us-
ing CASINO ™ 1,

®

nm
80%
2032 75%
50%
4065 ,
.I f
. e
5098 e g 5o
- 10%
8131 L 5%
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Figure 3. Simulation of the primary electron beam interaction with the solid pectin film: (a) 2 kV; (b) 20 kV.
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The figure displays the Energy lost by the electrons
of the primary ion beam as the electron—sample interaction
takes place. Energy lost is proportional to the depth of the
sample. The different percentages indicate the remaining
amount from the starting initial beam voltage value. As
observed in Figure 3a, the initial 2 kV beam loses almost
95% of its energy at a depth of ~160 nm. Unlike this value,
the initial 20 kV beam loses its energy at a depth of ~8131
nm as observed in Figure 3b. This means that images ob-
tained at higher voltage values show an average of the sig-

nal of the different layers of the films. Therefore, a beam

voltage of 2kV and lower current is the best condition to
capture the film surface images with minimum damage
and at shorter depths.

Figure 4 shows a mosaic of SEM images of the pec-
tine + milled CuNi films. Figure 4a shows the surface of
the sample. The electron beam voltage used is 2 kV. No
damage to the surface is observed. Figure 4b shows the

side of the film. An average value of the film of ~70 m is
observed. Notice the roughness of the film side evidenced

the fact that both images were obtained at the same condi-

tions.

Figure 4. SEM images from secondary electrons of the control pectin sample: (a) Sample perpendicular surface to the electron beam;

(b) Sample side surface.

3.1.2. Reflective Mode

Figure 5 shows a mosaic of SEM images of the pec-
tine + milled CuNi films using a vCD-detector. The detec-
tor is set around the pole piece. In this way, the detector
surrounds the primary electron beam. The detector is locat-
ed in this position to take advantage of the different pro-
duction of backscattered electrons from the atoms present
in the sample. This value is usually called . The n pro-
duction depends only on the Z number of the elements that
constitute the sample, provided that voltage and current of

the beam are maintained as a constant value.

In this mode, Cu and Ni atoms have a higher back-
scattered electron production than C, N, and O, the main
atoms present in the pectin compound. This difference is

observed as a bright difference in the image. The brighter

zone corresponds to zones where elements with higher Z
are located.

As observed in Figure 5b, there are differences in
image contrast. The bright differences correspond to zones
where Cu-Ni nanoparticles are located. Two voltages were
used to determine the presence of CuNi nanoparticles. No
clear contrast between Cu-Ni nanoparticles and pectin film
is observed at 5 kV, as shown in Figure 5a. The contrast
is clear and obvious at 10 kV as observed in Figure 5b.
Nevertheless, the surface is damaged at 10 kV as shown
in the SEM image. The damage on the surface leads to the
formation of pits and holes on the surface and bulk of the
sample. It is clearly observed by the backscattered elec-
tron signal because the signal also depends on the electron
travelling across the sample, induced by the beam material

interaction ****. This means that the gray degree in con-
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trast along the sample evidences differences in Z contrast,
density, and topography "> **. These differences in density
were introduced by the electron beam damage and appreci-
ated by the electron backscattered signal ***”. As observed

in Figure 4b, the size of the Cu-Ni nanoparticles is below

200 pm. This value is similar to those obtained in similar
synthesis methods "*'?!. The similarities are related to the
fact that NP sizes are not defined by the matrix-type but by

the synthesis method itself.

Figure 5. SEM mosaic images of pectin + CuNi nanoparticles using backscattered electrons: (a) 5 kV; (b) 10 kV.

3.2. Energy Dispersive Spectroscopy Charac-
terization

Figure 6 shows energy-dispersive measurements
done on the bright rounded spots of Figure Sb. The mea-
surements were done at 5 kV to avoid the sample damage.
The presence of the CuNi nanoparticles was identified in
the sample. The L characteristic family lines of Cu and Ni
are observed in Figure 6. At these voltages, each L line is
not resolved. The K characteristic lines of C, N and O are

also observed. These elements are the main components of

pectin.
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Figure 6. EDS measurement on the bright points of Figure 4b.

The EDS measurement of Figure 6 is also an inter-
esting result. Instead of using the characteristic K lines of
Cu and Ni, we use the L characteristic lines of both ele-
ments. This fact not only allows us to identify Ni and Cu at
a beam voltage of 5 kV but also avoids the sample surface
and bulk damage. The EDS signal also identifies C, O, and

N K characteristic lines at this voltage value.

3.3. Antimicrobial Properties

Figure 7 shows the presence of microbial contam-
ination on the control pectin film (without nanoparticle
addition) after 3 days of cultivation on plates containing
different fungal pathogens, as well as the antimicrobial ac-
tivity of two polymeric matrices based on the incorporation
of unmilled and milled CuNi nanoparticles after 7 days of
incubation with the evaluated microorganisms. The con-
trol pectin film (sample 1, identified as number 1) did not
show microbial growth either on the film surface or in the
surrounding agar in plates inoculated with Alfernaria sp. or
Fusarium sp. during the first 3 days of incubation, indicat-
ing the absence of fungal development. These observations
confirm the lack of microbial contamination in the bio-
polymeric matrices evaluated. Regarding the antimicrobial
properties of the films, those containing unmilled CuNi
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nanoparticles (film samples identified as number 6 in Fig-
ure 7d—f) exhibited inhibition zones on plates inoculated
with Fusarium sp. after 7 days of incubation, indicating a
significant antifungal effect. Similar antimicrobial behav-
ior has been previously reported for copper-based pectin
films used in smart packaging applications "**”. On the
other hand, pectin films containing milled CuNi nanopar-
ticles (film samples identified as number 7 in Figure 7d—
f) showed localized variations in fungal growth density.
Specifically, inhibition zones with halos larger than 10
mm, corresponding to complete inhibition (100%), were
observed on plates inoculated with Alternaria sp., whereas
a poorly defined inhibitory effect, without the formation of

halos suitable for quantitative measurement, was observed
on plates inoculated with Fusarium sp. after 7 days of cul-
tivation. In all cases, no antifungal activity was observed
against Penicillium expansum INTA-5 under the experi-
mental conditions evaluated. These results suggest that the
antimicrobial performance of the films is strongly influ-
enced by the physical state of the CuNi nanoparticles and
is also dependent on the type of microorganism evaluated.
The milling process may induce surface oxidation or struc-
tural modifications in the CuNi nanoparticles, potentially
limiting the release or bioavailability of active metallic

species. The effect of particle milling on antimicrobial ac-
[37.38]

tivity is currently under investigation

Figure 7. Microbial contamination observed on the control pectin film (without nanoparticle addition) after 3 days of cultivation, and
antimicrobial activity of pectin-based films incorporating unmilled and milled CuNi nanoparticles against fungal pathogens after 7
days of incubation: (a, d) agar plates inoculated with A/ternaria sp.; (b, ) agar plates inoculated with Fusarium sp.; (¢, f): agar plates

inoculated with Penicillium expansum INTA-5.

Note: Circles indicate the position of the films on the agar surface: control pectin film (sample 1), pectin film containing unmilled CuNi nanoparticles (sample 6), and pec-

tin film containing milled CuNi nanoparticles (sample 7).

4. Conclusions

The fabrication of flat and smooth films of pectin
containing CuNi nanoparticles from a liquid phase, fol-
lowed by drying at ambient conditions on a petri dish, is
a worthwhile synthesis method. This experimental meth-

odology can be scaled up by using a similar set-up based

on 3D printing. The characterization of the product is
successfully done by SEM imaging using emissive and
reflective modes. The use of low-voltage electron beam
values allows observing the actual surface of the pectin
films without destroying their properties. At higher voltag-
es, the electron beams impinging energy and current only
damage both the surface and bulk of the film ******, This
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assessment is verified both experimentally and by simu-
lation of the electron beam-film interaction. The presence
of the CuNi nanoparticles in the pectin films is verified by
electron backscattered imaging and EDS measurements.
The antifungal properties were measured by analyzing
the inhibition halo for all the strains of fungi observed.
It is observed that the films of pectin + non-milled CuNi
nanoparticles present interesting antimicrobial properties,

demonstrating the feasibility of use in food industry pack-

aging.
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