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The authors proposed a modification of sodium caseinate edible coating for foodstuff protection. The aim was to
improve the film’s barrier properties. It was achieved by addition of propolis, which is a natural, environmentally
friendly product, known from its intrinsic sealing action. In the next step, the propolis-admixed sodium caseinate
films were exposed to elevated temperature for 10 minutes. This approach was meant to improve the barrier effect
of propolis. Electrochemical impedance spectroscopy was used to evaluate performance of the control and
modified samples upon immersion in water. The atomic force microscopy-based measurements visualized the
sealing effect of propolis by means of topographical images, local dc current maps and local impedance spectra of
the control and modified films. Obtained results allowed drawing a conclusion that the proposed modifications
improved the barrier properties of the sodium caseinate films.
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Introduction

Increasing emphasis on environmental friendliness, ecology and green chemistry is also reflected in the field of organic protective coatings.
These aspects are especially crucial in case of the coatings for foodstuff protection. A purpose of these coatings is to provide a
semipermeable barrier between food and oxygen, moisture, solute movement as well as microbes of external source, in order to extend the
shelf life of foodstuff.! Such coatings must not create any health hazard to potential consumers. Therefore, they have to be edible or easy to
remove if they play the role of packaging materials.>® Maintenance of aesthetic appearance is another function of the food coatings. They
have to be transparent and they should even provide gloss to the foodstuff, such as fruit or vegetables.* The researchers also draw attention
to different modifications of the edible films and their antimicrobial function.5” Aforementioned specific demands, often contradictory in
character, hinder identification of the optimal material fulfilling all the requirements. The edible coatings cover three main groups:
hydrocolloids including polysaccharides and proteins, lipids including fatty acids and waxes as well as their composites.®

Skurtys and co-workers wrote a comprehensive contribution about the food hydrocolloid edible films and coatings.® Fabra et al. investigated
the microstructure and optical properties of the sodium caseinate films containing oleic acid-beeswax mixtures.’® They established a
correlation between gloss, transparency and surface roughness of the films. Shou and co-workers examined influence of glycerol-protein
ratio on the maximum load, tensile strength, elastic modulus and moisture content of the sodium caseinate films.!* Such parameters as
uniform and controlled film thickness, less cross-contamination and simplicity of its application in a production scale should be taken into
account upon evaluation of food coatings functionality. Andrade et al. discussed those aspects with respect to the atomizing spray systems
for edible coatings.!? Park pointed out the problems and challenges associated with the food coatings.'® He put an emphasis on gas
permeation and diffusivity through the edible coatings. In their review paper, Lin and Zhao presented the analytical techniques employed
for measuring the performance of the edible coatings applied on fruit and vegetables.’* They highlighted such aspects as internal gas
composition of coated product, coating thickness, wettability and surface characteristics of the coatings. Albert and Mittal compared several
edible coatings regarding their film forming ability, water and fat transfer properties as well as suitability for fried food.® Jaramillo et al.
revealed the plasticization and improved biodegradability effects of the yerba mate extract in starch edible films.'® Thakur and others
focused on optimization of the pea starch—chitosan edible film formulation by implementing the response surface methodology.'” Some
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edible coatings take the form of bionanocomposite, for instance the whey protein isolate based films embedded with zein nanoparticles,
which were investigated by Oymaci and Altinkaya.'®

The aim of this paper is to present improvement in barrier properties of the edible sodium caseinate coating due to a proposed modification.
The modification consists in admixing of sodium caseinate with propolis and optional, post-application heating of the newly established
coating. Propolis was selected as a natural, environmentally friendly product, which complies with the health restrictions for edible coatings.
In nature, propolis, also called a ‘bee glue’, is used as a sealant for unwanted open spaces in honey bees hive. This property is employed in
our investigations. The post-application exposure to elevated temperature provides additional sealing of the pores in the propolis-admixed
sodium caseinate coating. Electrochemical impedance spectroscopy (EIS) and atomic force microscopy (AFM) techniques were used to
evaluate the tested coatings.

Experimental

The investigation was performed for three groups of samples:

(i)  pure sodium caseinate coating (control sample),

(ii)  sodium caseinate coating admixed with propolis,

(iii) sodium caseinate coating admixed with propolis and post-application heated.
All the coatings were applied on the steel substrates using the Elcometer 3540 bar coater. The substrates were prepared by grinding and
polishing with the following abrasive paper grades: P800 (average particle size 21.8um), P1500 (average particle size 12.6um), P2500
(average particle size 8.4pum), P3000 (average particle size 6.0um) and P4000 (average particle size 2.5um). Then they were degreased with
acetone. After coating application, the samples were dried for 24h at 45%RH in 20°C. The Surfix E-FN gauge by Phynix Co. was used for
coating thickness measurement. The measurements were carried out at 20 spots on the surface of each sample and then mean value was
calculated. The films thickness amounted 20 + 2pum for the pure sodium caseinate coating and 21+ 2um for the propolis-admixed coating.
The pure sodium caseinate film was prepared from 8% (w/w) aqueous solution containing glycerol as a plasticizer. The protein : plasticizer
ratio was 1 : 0.3 (w/w). The mixture was homogenized for 5 minutes at 20 000 r.p.m. Sodium caseinate, which was a film-forming
component, was obtained from the Acros Organics, Geel, Belgium. The propolis-admixed sodium caseinate coating was prepared in an
analogous way to the pure sodium caseinate film. Additionally, propolis was added in the protein : lipid ratio equal 1 : 0.08 (w/w). Propolis
was provided as 7% ethanol solution (Farmapia, Cracow, Poland). The third group of samples consisted of the propolis-admixed sodium
caseinate film, which after application and drying were additionally exposed to the elevated temperature of 50°C for 10 minutes. This
operation was aimed at plasticization of propolis, which was expected to seal potential pores and defects present in the film. Five samples
of each system were investigated. The paper presents exemplary results, representative for behaviour of each group of the samples.
State and durability of the investigated coatings were evaluated and compared upon water immersion. Electrochemical impedance
spectroscopy was used for this purpose. Moreover, atomic force microscopy was utilized to characterize initial condition of the investigated
coatings.

Electrochemical impedance spectroscopy measurements

The EIS measurements were carried out in a two-electrode system. The coated steel substrate was a working electrode and a platinum mesh
served as a counter electrode. The measurements were executed upon immersion in water. Investigated surface area of the sample equalled
5.3cm?2. An experimental set-up consisted of the Schlumberger 1255 frequency response analyser coupled to the high input impedance
buffer Atlas 9181. Impedance spectra were recorded in the frequency range from 1MHz to 10mHz. Ten points were measured per each
frequency decade. The perturbation signal amplitude was 10mV.

Atomic force microscopy measurements

The AFM-based technique, utilized in our studies, was originally proposed by Kalinin et al. for investigation of polycrystalline ZnO.1
However, we adopted it to a research in the field of coatings and thin protective layers.??> The technique was also utilized by O’Hayre et
al. to study solid polymer electrolytes, polycrystalline ZnO varistors and microscale test patterns of different electrical characteristics.?%%”
This contact mode, AFM-based approach allows local impedance imaging?® and spectroscopy.?® Details of the technique have been
described by the authors elsewhere.®® One of the advantages of this AFM-based approach is a possibility to conduct the measurements in
dry conditions, with no need for electrolyte presence. Most of the local techniques for coatings and thin films investigation are
electrochemical in character, so they require electrolytic conditions. Wittmann et al. used a five-electrode system with a split microreference
electrode to detect local coating heterogeneities.3* Local impedance mapping was employed to identify undercoating corrosion of aluminium
alloy upon exposure to chloride solution.®>% Jorcin and co-workers utilized local electrochemical impedance approach to follow
delamination progress beneath organic coating.3* Numerous investigations take advantage of the method reported by Lillard et al., which
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employs two-microelectrodes to measure local ac solution current density above the investigated surface to determine local impedance.®®
Zou and Thierry utilized this approach to measure blistering of the coating.36

An atomic force microscope employed in the studies was the SPM Ntegra Aura system by the NT-MDT Co.. The measurements were
performed in dry conditions, without immersion in electrolyte. The maximum scan area equalled 8100um? (90umx90um). The AFM probe
was diamond coated. The measurements were executed in a contact, scanning by the tip mode. The scanning frequency was 0.8Hz. The
Nova software by the NT-MDT Co. was used for recording, processing and analysis of the images. Local dc current maps were acquired
for the bias voltage of 20mV applied between the AFM tip and the coated substrate.

Local impedance spectra were collected in a stationary regime with the AFM tip placed at the spot of interest. A measurement set-up
consisted of the Parstat 2236 workstation configured in a two-terminal measurement mode. One terminal was connected to the coated steel
substrate, the second one was in contact with a conductive layer of the AFM probe. The local impedance spectra were recorded in the
frequency range from 0.1MHz to 1Hz. Thirty points were measured per each frequency decade. The amplitude of perturbation voltage was
100mV.

Results and discussion

After coating drying, the samples were immersed in water for 24h and the impedance spectra were collected at 1-hour intervals. This time
span turned out sufficient to demonstrate effectiveness of proposed coating modification. Long-term performance of the coatings was not
the subject of investigation. Fig. 1 presents the exemplary spectra, in the Nyquist format, collected for the pure sodium caseinate film. In
each case, there are two time constants visible in the spectrum. The high-frequency semicircle diameter, corresponding to film properties,
is of a few hundred ohms order. It is an evidence that pure sodium caseinate does not constitute a tight barrier for water ingress. Appearance
of the low-frequency time constant confirms this observation and indicates electrochemical reaction at the coating/substrate interface. The
shape of spectra and the magnitude of impedance do not change significantly with time of exposure to water. The investigated system attains
stability within first few hours of immersion.

Figure 1.

Fig. 2 shows the exemplary impedance spectra, in the Nyquist format, recorded for the propolis-admixed sodium caseinate film. They also
exhibit at least two time constants. However, the high frequency semicircles, corresponding to coating properties, indicate higher impedance
than for the pure sodium caseinate layer. The difference is about one order of magnitude.

Figure 2.

Fig. 3 depicts one of the electrical equivalent circuits, which can be used to describe non-barrier, defected coating. Coating pore resistance
(R¢) and coating capacitance (Cc), in this case represented by a constant phase element, refer to condition of the film. Hence, these parameters
were of our interest as the aim was to analyse the coating properties only. Remaining two parameters of the circuit — charge transfer
resistance (Ret) and electrical double layer capacitance (Cal) — are related to corrosion reaction at the coating/substrate interface. They can
be evaluated using low-frequency region of the impedance spectrum. However, this part of the spectrum was interpreted only qualitatively
to acknowledge electrochemical activity at the interface. Our intention was not to describe these processes in quantitative manner.

Figure 3.

Fig. 4 illustrates evolution of the coating pore resistance during the 24-hour immersion in water. It compares behaviour of the pure sodium
caseinate and propolis-admixed sodium caseinate films as well as the propolis-admixed sodium caseinate coating, which was additionally
exposed to elevated temperature prior to the investigation. Incorporation of propolis contributes to significant, as for that type of the coating,
increase in resistance of the sodium caseinate film. The propolis-admixed film exhibits about one order of magnitude higher resistance than
the pure sodium caseinate coating. Moreover, a short exposure to elevated temperature brings further benefit to barrier properties of the
propolis-admixed coating. High temperature leads to propolis plasticization and makes it seal some of the pores in the sodium caseinate
coating. This is manifested by an increase in the coating pore resistance from ca. 1.5kQcm? (the propolis-admixed film) to ca. 3.5kQcm?
(the admixed and heated film). It is also evident that the coating pore resistance of each sample is stable versus time. There are some
oscillations around fixed values, however even for the most unstable course (the admixed and heated coating) they do not exceed the
amplitude of 0.5kQcm?
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Figure 4.

The changes of the Q parameter of constant phase element (CPE), corresponding to capacitive behaviour of coating, reveal characteristic
trends, too (Fig. 5). The pure sodium caseinate film has the highest capacitance of ca. 400pF/cm?, which remains at similar level for most
of the 24-hour exposure. Addition of propolis results in a decrease in capacitance by about 100uF/cm?. Optionally heated, propolis-admixed
coating exhibits slightly lower capacitance during the first half of the test (up to ca. 121" hour of immersion). Then the capacitance values
of the heated and non-heated propolis-admixed samples are comparable. There can be at least two explanations of observed trends in
capacitance evolution. The decrease in coating capacitance after addition of propolis could be caused by lower water absorption due to
addition of hydrophobic, water insoluble propolis. Simultaneously, a decrease in effective area of the coating occurred due to lower amount
of pores in the film, which contributed to a decrease in the coating capacitance. Sealing of the coating with propolis is illustrated and
discussed in the following part of this chapter concerning the AFM measurements. Similar explanations can be addressed to behaviour of
the heated, propolis-admixed film. Further decrease in the number and size of pores contributed to lower surface area of the coating. Slightly
lower capacitance revealed during the first twelve hours of immersion is probably due to higher initial coating resistance to water uptake.

Figure b.

The pure sodium caseinate coating exhibits the highest value of the n parameter of CPE, oscillating around 0.75 for most of the exposure
time (Fig. 6). It can be explained by uniformity of film composition because in majority it consists of one compound — sodium caseinate.
Nevertheless, there is a deviation from ideal behaviour due to presence of multiple pores in the film. Introduction of propolis results in a
decrease in composition homogeneity of the film, which is reflected in lower magnitude of the n parameter (it amounts 0.63). The
interpretation of this effect is troublesome. On one hand one could expect improvement of coating uniformity due to sealing effect of
propolis. However, it seems that phenomenon was offset, at least to some extent, by introduction of foreign material (propolis) to the sodium
caseinate matrix. Heating provides the coating with slightly higher uniformity (n parameter of ca. 0.68) as compared to the non-heated,
propolis-admixed sodium caseinate film. As at that stage no additional component was introduced into the coating matrix, this improved
uniformity can be attributed exclusively to further decrease in the number and size of pores due to more even propolis dispersion. For each
sample, the course of the n parameter versus time of exposure is stable, without any sharp deviations from an average level.

Figure 6.

The atomic force microscopy measurements were carried out prior to water immersion of the samples. The aim was visualization of
differences in topography of the synthesized coating types (Figs 7a-c). Each investigated film exhibits different porosity. The most porous
is the pure sodium caseinate coating (Fig. 7a), with a lot of cavities all over the AFM image. Admixing with propolis results in the surface
with less pores, although still they are distributed over the entire AFM image (Fig. 7b). Clear improvement in the coating quality occurs for
the propolis-admixed film exposed to elevated temperature. Fig. 7c depicts the surface with the smallest number of pores, which also have
significantly smaller diameter.

Figure 7a.
Figure 7b.
Figure 7c.

Recorded AFM topographical images were subjected to a surface roughness analysis. Table 1 presents the results of this analysis in terms
of the ten point height parameter (Sioz). The pure sodium caseinate film is characterized by the highest surface roughness equal 1.72um.
Addition of propolis resulted in a decrease in surface roughness by 0.23um. It may not be a substantial decrement, nevertheless, it confirms
the observations stemming from a comparison of Fig. 7a and Fig. 7b. Admixing with propolis decreased the number of pores in the film,
which was reflected in slightly lower surface roughness. The biggest effect is exhibited by the propolis-admixed and heated film. In this
case the Si0; parameter is more than two and a half times lower than for the pure sodium caseinate coating. This is a significant decrease,
which confirms beneficial influence of the heating process. The lowest surface roughness also correlates with the topographical AFM image
in Fig. 7c. Clearly lower number of pores and their smaller diameter are reflected in the lowest value of the Sio. parameter determined.

Table 1.
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A relation between coating porosity and its barrier performance was established by measurement of local dc current maps using the atomic
force microscope (Figs 8a-c). Bright spots indicate the regions where the coating does not constitute a barrier for direct current flow. These
areas are conductive and do not provide protection of the metal substrate. The pure sodium caseinate film exhibits the largest fraction of
unprotected area (Fig. 8a). The sealing effect, due to propolis application, is evident in Fig. 8b and Fig. 8c, which represent the dc current
maps of the propolis-admixed and optionally heated coatings, respectively. These two coating types reveal decreasing fraction of surface
occupied by conductive regions. It is an evidence of barrier properties improvement thanks to the proposed modification.

Figure 8a.
Figure 8b.
Figure 8c.

The local impedance spectra, recorded with the AFM-based approach, are another evidence of differentiated electrical and protective
properties of the investigated coatings, depending on localization on the specimens surface.

Figure 9.

Figure 9 shows an exemplary topographical image of the propolis-admixed sodium caseinate coating with the indications of the spots where
the local impedance spectra were collected. The impedance in the spectrum collected inside a pore of the coating (Fig. 10) is ca. three orders
of magnitude lower than the impedance in the spectrum recorded on an intact coating region (Fig. 11). The impedance measured on bare
steel substrate inside the pore is of megaohms order, while the impedance on intact film reaches gigaohms order. Both values seem quite
high, especially as compared to the global impedance measurement. The latter provides the information averaged over the entire surface
under investigation (5.3cm?). In this case both intact and porous regions of the coating contribute to the magnitude of global impedance,
which amounts a few kiloohms. Moreover, the measurements were carried out in electrolyte. The local impedance spectra were collected
in dry conditions, without electrolyte. Local impedance is a sum of AFM tip impedance, tip-sample contact impedance and investigated
material impedance. These facts explain higher impedance on local impedance spectra. Nevertheless, relative differences in local impedance
make it possible to spatially resolve the places covered with the protective film from those where bare substrate is exposed. Local impedance
spectra are another approach, which allows evaluation of an extent and surface distribution of the protective effect due to the proposed
modification of the sodium caseinate coating.

Figure 10.
Figure 11.

Summarizing, the results of electrochemical impedance spectroscopy and atomic force microscopy investigations are consistent and
complementary. They show that the proposed modification of the sodium caseinate coating with propolis contributes to improvement of the
film’s barrier character. The properties of propolis and the optional heating procedure provide a sealing effect as compared to the pure
sodium caseinate film. It is manifested by an increase in the film impedance, decreased coating porosity and surface roughness as well as
decreased local dc current conductivity over the investigated surface area.

Conclusion

Performed research allows stating the following conclusions:
e admixing of the sodium caseinate food coating with propolis resulted in an increase in film impedance by about one order of
magnitude when measured upon water immersion service,
e additional, pre-service exposure of the propolis-admixed coating to elevated temperature yielded further increase in film
impedance,
e addition of propolis contributed to a decrease in the number of pores in the sodium caseinate coating, which was proved with the
atomic force microscopy measurements,
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pre-service heating of the propolis-admixed coating provided further decrease in the number and size of film pores, which was
confirmed by the AFM topographical image,

analysis of the AFM topographical images revealed a decrease in surface roughness of the sodium caseinate coating due to
propolis admixing and pre-service heating — from Sio=1.72um for the pure sodium caseinate film to Sio; =0.65um for the
propolis-modified and heated coating,

local dc current maps, obtained with the AFM approach, revealed a decrease in the number of through-the-coating defects when
the sodium caseinate film was admixed with propolis; further decrease in the surface fraction occupied by conductive regions was
noticed for the propolis-admixed and heated coating,

proposed modification of the sodium caseinate film, consisting in addition of propolis and optional heating, was successful and
resulted in improvement of barrier properties of the coating,

atomic force microscopy topographical images, local dc current maps and local impedance spectra illustrated the sealing effect
due to admixed propolis, which accounted for improvement of barrier properties,

applied combination of the investigation methods, electrochemical impedance spectroscopy and atomic force microscopy,
allowed successful characterization of protective properties of sodium caseinate coatings,

proposed atomic force microscopy measurement modes can be employed for evaluation of modifications implemented into
biobased coatings, especially when there is a need for electrolyteless tests,

investigated coating and our modifications are natural, ecological and environmentally friendly; these are not only indispensable
features of edible food coatings, but they also follow increasingly emphasized “green chemistry” attitude,

biobased, green coatings constitute interesting candidates for temporary anticorrosion protection, for instance during transport
and storage, which is an incentive for further studies.
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Figure captions
Figure 1 Exemplary impedance spectra of the pure sodium caseinate film on steel collected during 24-hour immersion in water.

Figure 2 Exemplary impedance spectra of the propolis-admixed sodium caseinate film on steel collected during 24-hour immersion in
water.

Figure 3 Electrical equivalent circuit representing non-barrier coating with electrochemical reaction at the coating/metal substrate
interface: R, is the solution resistance, R, denotes the coating pore resistance, C, is the coating capacitance represented by CPE (Q, n),
R..is the charge transfer resistance and Cycorresponds to the electrical double layer capacitance.

Figure 4 Evolution of the coating pore resistance during 24-hour immersion in water.

Figure b Evolution of the Q parameter of CPE during 24-hour immersion in water.

Figure 6 Evolution of the n parameter of CPE during 24-hour immersion in water.

Figure 7 Exemplary AFM topographical images of the investigated coatings, collected prior to immersion exposure for: (a) the pure
sodium caseinate film, (b) the propolis-admixed sodium caseinate film, (c) the propolis-admixed sodium caseinate film heated at 50° C
for 10 minutes.

Figure 8 Exemplary local dc current maps of the investigated coatings, collected prior to the immersion exposure for: (a) the pure sodium
caseinate film, (b) the propolis-admixed sodium caseinate film, (c) the propolis-admixed sodium caseinate film heated at 50° C for 10

minutes.

Figure 9 Exemplary AFM topographical image of the propolis-admixed sodium caseinate film with marked places of local impedance
spectra collection (A, B).

Figure 10 A Jocal impedance spectrum collected inside the pore of the propolis-admixed sodium caseinate coating (the spot A in Fig. 9).

Figure 11 A Jocal impedance spectrum collected on the intact region of the propolis-admixed sodium caseinate coating (the spot B in
Fig. 9).
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Figure 7b
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Figure 7c
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Table 1

Table 1. A comparison of surface roughness (obtained from the AFM measurements) of the

investigated types of coatings in as-received state.

. . . . propolis-admixed
surface roughness pure sodium caseinate propolis-admixed .
. . . ] and heated sodium
parameter film sodium caseinate film . .
caseinate film
ten point height S, 1.72 pym 1.49 pm 0.65 um
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