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Abstract: The in situ synthesis of silver nanoparticles (AgNPs) was performed using resorcinol and
agar to produce agar-based antioxidant and antimicrobial films. AgNPs were regularly dispersed on
the film matrix, and their presence improved the thermal stability of films. Additionally, the addition
of AgNPs slightly increased the agar-based film'’s tensile strength (~10%), hydrophobicity (~40%),
and water vapor barrier properties (~20%) at 1.5 wt% of AgNP concentration. The resorcinol also
imparted UV-barrier and antioxidant activity to the agar-based film. In particular, the agar-based
film containing a higher quantity of AgNPs (>1.0 wt%) was highly effective against the foodborne
pathogenic bacteria L. monocytogenes and E. coli. Therefore, agar-based composite films with improved
physicochemical and functional properties may be promising for active packaging.

Keywords: agar; resorcinol; AgNP; bionanocomposite; antibacterial and antioxidant activity

1. Introduction

Nanotechnology has a significant impact on all industries, and the size of the industry
is expected to reach USD 3 trillion worldwide by 2020 [1,2]. From agriculture to food
processing to food packaging, the application of nanotechnology in the food industry
is increasing [3,4]. Packaging is undoubtedly the most attractive research area in food
science, and one of the main functions of food packaging is to protect and preserve food
quality and reduce food waste [5-8]. In particular, the functional nanocomposite packaging
material containing functional nanomaterials is expected to dramatically improve the
lifespan of packaged food by securing the safety of packaged food and improving the
quality of food [9-12]. To this end, antimicrobial nanoparticles are a promising area of
current research for developing active food packaging films.

Several functional metal nanoparticles, such as copper, silver, titanium, and zinc,
are particularly interesting in food packaging applications [13,14]. Silver nanoparticles
(AgNPs) have been considered the most interesting because of their broad antimicrobial
activity against foodborne pathogens [15]. In addition, the unique optical, catalytic, and
electrical properties and the high thermal stability of AgNPs make them more suitable for
food packaging applications [16]. Additionally, it is known that the antibacterial activity of
AgNPs is affected by many factors [17]. Therefore, to fully exhibit the properties of AgNPs,
AgNPs must be evenly dispersed on the surface of the film matrix without aggregation.
Recently, various green methods have been used for the preparation of AgNPs using
different biobased reducing agents, such as biopolymers [18], bacteria [19], fungi [20,21],
and plant extract [22-24].

In this regard, resorcinol is one of the exciting biomaterials for AgNP synthesis. Resor-
cinol (C¢H4(OH),) is 1,3-dihydroxybenzene that has been used in a variety of applications,
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such as cosmetics, pharmaceuticals, antioxidants, and dyes [25]. As per MSDS, resorcinol
has a moderate health risk index [26]. Therefore, resorcinol can be used as a stabilizing
and reducing agent for synthesizing AgNPs. In addition, resorcinol composed of phenolic
groups can improve the film’s mechanical properties by providing an opportunity to form
intermolecular interactions with polymers by hydrogen bonding [27]. The phenolic com-
pounds of resorcinol may also expand the uses of food packing films by inducing functional
properties [28].

On the other hand, concerns about environmental pollution due to the accumulation
of non-degradable, oil-based synthetic plastic packaging materials are growing [29,30]. The
use of plastics in food packaging is increasing every year, with a growth rate of ~12% per
year [1,2]. Therefore, replacing them with biopolymers has become a significant challenge
for the packaging industry [4]. For this purpose, various biopolymers have been used
to develop biodegradable packaging materials because of their biodegradability, renewa-
bility, environmental friendliness, and sustainability [31-33]. The inherent problems of
biopolymer-based films, such as low mechanical properties and hydrophilicity, can be
improved by making composite films with nanoparticles, such as AgNPs, and providing
additional functions, such as antibacterial and antioxidant properties [31]. Polysaccha-
rides are most attractive for food packaging applications among biopolymers due to their
superior mechanical and film-forming properties compared to other biopolymer materi-
als [32]. In this context, agar, a polysaccharide derived from marine algae, such as Gracilaria
and Gelidium, has been widely used to manufacture biodegradable functional packaging
films. Agar is composed of alternating D-galactose and 3, 6-anhydro-L-galactopyranose
units [34]. Agar is known to have sufficient water-resistant properties and good mechanical
strength suitable for food packaging applications [35]. Agar has been used to prepare
functional composite films by adding AgNPs [18,36-39]. Previously, resorcinol and gelatin
were used to prepare silver nanocomposite films [26], but, to our knowledge, there are no
reports of the in situ synthesis of agar-based functional composite films integrated with
resorcinol-reduced AgNDPs.

Therefore, the objective of this work is to synthesize AgNPs using resorcinol and
fabricate functional agar-based nanocomposite films.

2. Materials and Methods
2.1. Materials

Food grade agar was obtained from Gel-Tec Co., Ltd. (Seoul, Korea). Resorcinol
(C¢HgOs, 99%), ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)), DPPH
(2,2-diphenyl-1-picrylhydrazyl), and methanol (99.8%) were procured from Sigma-Aldrich
(St. Louis, MO, USA). Silver nitrate was purchased from Daejung Chemicals & Materials
Co., Ltd. (Siheung, Gyeonggi-do, Korea).

2.1.1. Preparation of Films

Agar /resorcinol / AgNP nanocomposite films were prepared using the solution casting
method [26]. First, silver nitrate (AgNO3) and resorcinol stock solutions were prepared by
dissolving 1.0 g of each component in 10 mL of distilled water. For the preparation of AgNDP,
1.0 g of agar was first dissolved in 200 mL of distilled water, and then 3 mL of resorcinol
(0.1 g) solution (10 wt% based on agar) was added. Then, various amounts of AgNOj3 stock
solution (0.15, 0.3, and 0.45 mL corresponding to 0.5, 1.0, and 1.5 wt% of AgNOs3 based on
agar) were added slowly into the solution and heated at 85 °C for 4 h with vigorous stirring.
Then, 2 g of agar and 0.9 g of glycerol (30 wt% based on agar) were added slowly to the
above mixture and heated at 95 °C for another 20 min with vigorous stirring. The film-
forming solution was cast on the leveled Teflon film-coated glass plate. The neat agar and
agar/resorcinol films were prepared following the same procedure without AgNP. The pre-
pared films were designated Agar, Agar/Res, Agar/Res/AgNP*5%, Agar/Res/AgNP'",
and Agar/Res/AgNP!5% according to the component and AgNP concentration. Detailed
methods of the characterization and measurement of the film properties are provided in
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the Supporting Materials. The procedure for fabricating Agar/Res/AgNP composite films
is shown schematically in Scheme 1.
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Scheme 1. Fabrication of the Agar/Res/AgNP composite films.

2.1.2. Characterization and Properties of the Films
SEM and FT-IR

The surface morphology of the composite films was tested using a field emission
scanning electron microscope (FE-SEM, S5-4800, Hitachi Co., Ltd., Matsuda, Japan) at an
accelerating voltage of 2 kV.

The attenuated total reflectance-Fourier transform infrared (AT-FTIR) spectropho-
tometer (TENSOR 37 Spectrophotometer, Billerica, MA, USA) was used to measure the
chemical structure.

Surface Color and Optical Properties

The surface color of the composite films was analyzed using a Chroma meter (Konica
Minolta, CR-400, Tokyo, Japan). The total color difference (AE) was calculated with the
following equation:

AE = \/ (AL)® 4 (Aa)? + (Ab)?, 1)

where AL, Aa, and Ab are the differences between the color of standard color plate and
film samples.

The light absorption spectra of the nanocomposite films were determined over a range
of 200-700 nm using a UV-visible spectrophotometer (Mecasys Optizen POP Series UV /Vis,
Seoul, Korea). In addition, the UV-light barrier property and transparency of the film were
determined by measuring the percent transmittance at 280 nm (T5gp) and 660 nm (Tg0),
respectively [11].

Mechanical Properties

The Instron Universal Testing Machine (Model 5565, Instron Engineering Corporation,
Canton, MA, USA) was used to determine the mechanical properties [12].

Water Contact Angle (WCA) and Water Vapor Permeability (WVP)

The water contact angle (WCA) of the film was measured using a WCA analyzer
(model Phoenix 150, Surface Electro Optics Co., Ltd., Kunpo, Korea). About 10 pL of
distilled water was placed on the surface of the film using a micro-syringe [26].



J. Compos. Sci. 2022, 6, 124

4 of 14

The water vapor permeability (WVP) of the film was determined following the stan-
dard method of ASTM E96-95 with modifications. Each film was placed on the top of
WVP cup filled with distilled water. The WVP cups were stored in a humidity chamber
controlled at 25 °C and 50% relative humidity (RH). The weight of the cups was obtained
at 1 h intervals for 8 h. The water vapor transmission rate (WVTR) was determined from
the slope of the weight loss plot of the WVP cup versus time, and the WVP (g-m/m?-s-Pa)
of the film was calculated as follows:

WVP = (WVTR x L)/Ap, )

where L was the mean film thickness and Ap was the water vapor pressure difference (Pa)
across the film.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted using a thermogravimetric analyzer
(Hi-Res TGA 2950, TA Instrument, New Castle, DE, USA). The samples were heated from
30 °C to 600 °C with a 10 °C/min heating rate under a nitrogen flow of 50 mL/min.

Antioxidant Activity

The antioxidant activities of the films were measured by assessing the free radical
scavenging activity [11]. The 2,2-diphenyl-1-picrylhydrazyl radical (DPPH®) and 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS**) radical scavenging methods were
used for the antioxidant activity assessment. For the DPPH analysis, a prescribed amount
of the methanolic solution of DPPH was freshly made, and ~100 mg of tested film sample
was added in a 10 mL DPPH solution and incubated at room temperature for 30 min and
measured the absorbance at 517 nm. For the ABTS assay, a prescribed amount of potassium
sulfate was added to the ABTS solution, followed by overnight incubation in the dark to
make the ABTS assay solution. A total of ~100 mg of the tested film samples were added to
10 mL of ABTS assay solution, incubated at room temperature for 30 min, and measured
the absorbance at 734 nm. The antioxidative activity was calculated as follows:

A —A
Free radical scavenging activity (%) = —- " £ % 100, ©)]
c
where A; and A; are the absorbances of DPPH/ABTS of the control and test film, respec-
tively. The test was performed in triplicate, and the average value was reported.

Antimicrobial Activity

The antimicrobial activity of the agar-based composite film was examined using a vi-
able colony count method against two types of foodborne pathogenic bacteria,
L. monocytogenes and Escherichia coli [26]. The test strains were inoculated in 20 mL of
BHI and TSB broth, respectively, for 16 h at 37 °C. Next, 200 uL of diluted inoculum
(108-10° CFU/mL) was transferred to 20 mL of fresh BHI and TSB broth containing a
100 mg film sample. The flask was stored in a shaker at 37 °C for 12 h. Samples were
taken at intervals of 3 h, and bacterial colonies were counted to measure each pathogen’s
cell viability.

Statistical Analysis

One-way analysis of variance (ANOVA) was performed, and the significant differences
among the film properties were determined (p < 0.05) with Duncan’s multiple range tests
using the SPSS statistical analysis program (SPSS 21, SPSS Inc., Chicago, IL, USA).
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3. Results and Discussion
3.1. Surface Color and Optical Properties

The apparent shape of the agar-based film is shown in Figure 1a. All films were flexible
and standalone. The neat agar film was colorless and transparent, while the resorcinol-
containing film showed a slight yellow tint. When AgNP was incorporated, the color of
the film changed to yellowish-brown and dark brown depending on the concentration
of AgNP. As shown in Scheme 1, the resorcinol-mediated AgNP was most likely formed
through one-electron oxidation steps [28].
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Figure 1. Appearance (a) and UV-visible light absorption spectra (b) of the agar-based compos-
ite films.
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The light absorption spectra of the agar-based films are shown in Figure 1b. The neat
agar film did not show any specific light absorption. However, the agar film showed a
strong light absorption peak at 280 nm due to UV absorption by the phenolic compound of
resorcinol [28,40]. On the other hand, the Agar/Res/AgNP films exhibited another unique
light absorption peak around 430-440 nm, which is characteristic of AgNPs [41]. In addition,
the peak intensity increased significantly with increasing AgNP concentration. This peak is
attributed to the surface plasmon resonance (SPR) transition of AgNPs, confirming that
AgNPs were successfully prepared by resorcinol [42]. Similarly, Ahmed, Saifullah, Ahmad,
Swami, and Ikram (2016) also confirmed the formation of AgNPs using Azadirachta indica
aqueous leaf extract [43].

The effects of resorcinol and AgNPs on the color of composite films were determined
using Hunter L, a, b-values (Table 1). The neat agar film showed a high L-value (lightness,
>90) with low a- and b-values (redness and yellowness, respectively). The addition of
resorcinol did not significantly affect the L-value and a-value of the agar film (p > 0.05).
Still, the b-value was significantly increased (p < 0.05) due to the yellow color of resorcinol.
When AgNP was incorporated, the lightness (L-value) of the film decreased consider-
ably depending on the concentration of AgNP, while the a-value (redness) and b-value
(yellowness) increased significantly. The significant changes in the L, 4, and b values of
the Agar/Res/AgNP films were due to the formation of AgNPs, which gave the films a
brown tint [26,44]. The b-values of the Agar/Res/AgNP films were very high when a small
amount of AgNP (0.5 wt%) was added, but decreased significantly when a higher amount
of AgNP (>1.0 wt%) was added. The abrupt color change of the Agar/Res/AgNP films
is probably because the color of AgNPs was yellow at a low concentration, but became
dark brown when the agNP concentration increased above 1.0 wt%. As a result, the total
color difference (AE) of the agar-based composite films increased significantly due to resor-
cinol and AgNP. The similar effects of resorcinol and AgNPs on the color properties were
observed for gelatin-based films [26].

Table 1. Surface color and light transmittance of the agar-based composite films.

Films L a b AE Taso (%) Tes0 (%)
Agar 91.0+0.24 —0.6+0.12 6.8+0.12 254012 53.8+1.0° 89.54 0.2
Agar/Res 90.3+0.34 —05+0.12 954 04° 52405P 024012 89.0 +0.34
Agar/Res/AgNPY5% 57.3+09¢ 42+06° 415+1.04 5144+13¢ 01+0.12 573+ 1.1°¢
Agar /Res/AgNP!0% 358+ 09" 81+07¢ 9.8+ 0.6°¢ 57.14+094 014012 29.1+1.3P
Agar/Res/AgNP'>% 314+08° 9.7+ 1.04 85+04P 613+08¢ 01+01° 19.8 4+ 152

Any two means in the same column followed by the same letter are not significantly (p > 0.05) different from the
Duncan’s multiple range test.

The neat agar film was very transparent to ultraviolet and visible light. The UV
transmittance of the agar film was almost entirely blocked by the addition of resorcinol,
which could be attributed to the UV-absorbing ability of the phenolic compound of re-
sorcinol [26]. However, the visible light transmittance (i.e., transparency) of the agar film
was not affected by the resorcinol addition. On the other hand, the addition of AgNPs
significantly decreased the transmittance at 660 nm (T¢g0) depending on the concentration,
mainly because the light-impermeable nanoparticles prevent the passage of light. A similar
effect of light transmittance by AgNPs was observed in the agar/AgNP nanocomposite
film [45].

3.2. Morphology and Chemical Structure

The microstructure results are shown in Figure 2. The neat agar and Agar/Res compos-
ite films showed a smooth, dense surface without pores and cracks. The Agar/Res/AgNP
composite films showed an even distribution of AgNPs in the polymer matrix; however,
some aggregation of AgNPs was observed when large amounts of AgNPs (1.5 wt%) were
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incorporated. A similar morphology was also observed in carrageen-based films with
AgNPs [46].

Agar AgariRes Agar/Res/AgNPoS%

Agar/Res/AgNP  ©

Agar/Res/AgNP"

V.

v

Figure 2. SEM images of the agar-based composite films.

The FTIR spectra of the films are shown in Figure 3. A broad absorption band of
3276 cm ™! was found in all films due to the hydroxyl group’s stretching vibration [47]. The
peaks at 2940 and 2887 cm~! were due to the C—H stretching [33]. The peak at 1651 cm ™!
was ascribed to the stretching vibration of the conjugated peptide bond [48]. The peak at
1372 cm~! was attributed to an ester sulfate group [49]. The film showed characteristic
absorption peaks at 1035 and 932 cm™!, ascribed to the C=O stretching group of 3,6
anhydro-D-galactose [50]. Similar characteristic absorption peaks were observed for the
Agar/Res and Agar/Res/AgNP composite films for the neat agar film, suggesting no
new chemical bonds were created between the agar, resorcinol, and AgNPs. The main
interactions in these composite films are probably physical interactions, such as H bonding
and van der Waals forces [51].
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Figure 3. FTIR spectra of the agar-based composite films.
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3.3. Mechanical Properties

The mechanical properties of the agar-based films are presented in Table 2. The
thickness of the agar film was 48.9 + 1.8 um and was not significantly changed by the
addition of resorcinol and AgNPs. The TS of the agar film was 40.6 & 4.0 MPa, and it
increased with the addition of resorcinol and AgNPs. In particular, the addition of AgNP
enhanced the TS of the film depending on the concentration and reached 47.4 & 2.7 MPa
when 1.5 wt% of AgNPs was added. The increased strength of the composite film was
attributed to the interfacial interaction between film matrix and nanoparticles through
H-bonding and van der Waals interaction [52,53]. The rigidity (EM) of the agar film also
increased by adding resorcinol and AgNP, but the flexibility (EB) of the film decreased
gradually as the AgNP concentration increased. In general, as the film becomes more
rigid, the mobility of the polymer chains is inhibited, reducing its flexibility. A similar
effect of the mechanical properties of agar-based films was observed when AgNPs were
incorporated [34].

Table 2. Mechanical properties, WVP, and WCA of the agar-based composite films.

Films Thzﬁl;n)ess P o EM (GPa) ;VI‘I:/PIIEZX;;);g) (Vc\ilecgﬁ
Agar 489 +1.82 40.6 £4.02 16.44+35P 1.0+0.12 1.0+£01°¢ 462 +22P
Agar/Res 478 +26° 424+36% 16.1+2.6° 1240.1° 1.0+0.1°¢ 33.0+1.92
Agar/Res/AgNPY% 459 +1.62 431445 13.8 £252 1.34+01°¢ 09+01Pb 54.14+23¢
Agar/Res/AgNP!" 479 +6.72 44.8 +4.5b¢ 132 +£232 1.3+01°¢ 09+01P 644 +1249
Agar/Res/AgNP5% 4664202 474 £27¢ 1224182 14+01°¢ 08+01%2 66.7 +1.3°¢

Any two means in the same column followed by the same letter are not significantly (p > 0.05) different from the
Duncan’s multiple range test.

3.4. Water Vapor Permeability (WVP) and Water Contact Angle (WCA)

The WVP of the agar-based film is shown in Table 2. The WVP of the neat agar film
was 1.0 x107? g.m/m?.Pa.s, which is consistent with the previously reported values of
the agar film [38]. The addition of resorcinol did not affect the WVP of the film, but the
addition of AgNPs significantly decreased the WVP. The increased water vapor barrier
properties of the Agar/Res/AgNP films (i.e., reduced WVP) were probably due to the
tortuous path of water vapor permeation [44]. Moreover, the increased hydrogen bonding
is thought to decrease the free volume of the film matrix and prevent the permeation of
water vapor [16].

The WCA is usually used to check the surface hydrophilicity or hydrophobicity of
the film. The WCA of the agar-based films is also shown in Table 2. The WCA of the neat
agar film was 46.2 & 2.2°, indicating the agar film is hydrophilic. The addition of resorcinol
reduced the WCA of the agar film significantly to 33.0 = 1.9° due to the hydrophilic
nature of resorcinol [26]. A similar decrease in the WCA of agar film was observed when
grapefruit seed extract containing phenolic compounds was incorporated [54]. Conversely,
the addition of AgNPs pointedly increased the WCA of the agar film, and the addition
of 1.5 wt% AgNPs increased it to 66.7°. The increase in the hydrophobicity of the agar
film by the addition of AgNPs was due to the hydrophobicity of the nanoparticles [55].
Generally, a biopolymer film with a WCA higher than 65° is considered a hydrophobic
film [48]. The increased hydrophobicity of the agar film is desirable for high moisture food
packaging applications.

3.5. Thermal Stability

The thermograms of the films are shown in Figure 4. The first weight loss of the films
occurred in the range of 60-120 °C with a maximum of around 90 °C due to the evaporation
of moisture. The second weight loss was observed in the range of 230-360 °C due to



J. Compos. Sci. 2022, 6, 124

9 of 14

the thermal decomposition of glycerol and polymer matrix [56]. The DTG thermograms
showed two different maximum decomposition temperatures: 233-244 °C for glycerol
decomposition and 293-299 °C for polymer decomposition. The glycerol decomposition
temperature of the agar film was slightly increased by AgNP addition, and the glycerol
decomposition peak almost disappeared when 1.5 wt% of AgNPs was added. On the
other hand, the polymer decomposition peak was not clear in the neat agar film. Still, the
peak became more distinct when AgNPs were added, and the maximum decomposition
temperature increased as the AgNP concentration increased. These results indicate that the
addition of AgNPs increased the thermal stability of the agar film. This increase in thermal
stability may be related to the crystal structure of AgNPs because more energy is required
to break down films with high crystallinity [57,58]. Davidovi¢ et al. (2019) also reported
an increase in the thermal stability of agar-based films by adding AgNPs and magnesium
ions [36]. At 600 °C, the residual char content of the film was ~25-32%.
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Figure 4. TGA and DTG thermograms of the agar-based composite films.

3.6. Antioxidant Activity

The antioxidant activity results are shown in Figure 5. The neat agar film showed
negligible antioxidant activity in the DPPH assay and some antioxidant activity in the
ABTS assay. The antioxidant activity of the neat agar film was due to the sulfate group
of the agar [59,60]. Current observations on the antioxidant activity of agar-based films
are similar to previously published results [46]. Yet, the antioxidant activity of agar film
was pointedly amplified when resorcinol was added. The Agar/Res film exhibited ABTS
radical scavenging activity of 99% and DPPH radical scavenging activity of 38%. The
higher antioxidant activity in the ABTS method than in the DPPH method was due to the
different solvent systems used in the analysis, namely an aqueous solution of the former
method and a methanol solution of the latter method [61]. However, AgNP addition did
not affect the antioxidant activity of the composite film (Agar/Res/AgNP film), but rather
a slight decrease in antioxidant activity was observed compared to the Agar/Res film.
These results indicate that the antioxidant activity of the composite film comes mainly
from resorcinol. The antioxidant activity of resorcinol-added films is due to the phenolic
components existing in resorcinol acting as potent hydrogen donors [62,63]. Since the
phenolic compound is water-soluble, the antioxidant activity of the resorcinol-containing
film was greater in the ABTS method than in the DPPH method.



J. Compos. Sci. 2022, 6, 124

10 of 14

1004 B orrH
A8 TS

80
60

40 -

Antioxidant activity (%)

20

Agar Agar/Res Agar/Res/AgNP

Figure 5. Antioxidant activity of the agar-based composite films determined by the DPPH and
ABTS methods.

3.7. Antimicrobial Activity

The antimicrobial activity results are shown in Figure 6. The neat agar film and
Agar/Res film did not show any antimicrobial activity against Gram-positive and Gram-
negative bacteria, showing growth similar to that of the control group. However, AgNP-
added films showed significant antimicrobial activity against all test bacteria. The antimi-
crobial activity depended on the concentration of AgNPs present in the agar-based films.
These results indicate that the antimicrobial activity of the composite film comes mainly
from AgNPs. In addition, the antimicrobial activity of the Agar/Res/AgNP composite film
was greater against E. coli (Gram-negative) than against L. monocytogenes (Gram-positive).
Agar/Res/AgNP composite films containing 1.5 wt% AgNPs inhibited E. coli completely at
6 h incubation, but stopped the growth of L. monocytogenes at 9 h. The difference in antimi-
crobial activity of AgNPs between the test bacteria is mainly due to the difference in the
thickness and structure of the cell wall of Gram-positive and Gram-negative bacteria [64].
The thin peptidoglycan layer of Gram-negative bacteria facilitates the penetration of AgNPs
than Gram-positive bacteria with thick cell wall structures, making them more susceptible
to AgNPs [65]. Similar antimicrobial activity has been observed in AgNP-incorporated
carrageenan films [16].

Although the broad-spectrum antimicrobial activity of AgNPs is well known, its an-
tibacterial mechanism has not been elucidated. However, several possible mechanisms for
the antibacterial action of AgNPs have been proposed. One of them is that the antibacterial
activity of AgNPs is due to the destruction of the cell membrane of microorganisms by
AgNPs [66]. Kanmani and Rhim (2014) reported that AgNPs penetrate bacteria and form
free radicals, inhibiting bacterial metabolic processes and killing microorganisms [67]. In
addition, it has been suggested that the interaction between positively charged AgNPs and
negatively charged bacterial cell walls results in cell death [60]. Further studies are needed
to fully understand the antimicrobial activity of AgNPs and the safety of AgNPs for use in
active food packaging applications [68].
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Figure 6. Antimicrobial activity of the agar-based composite films against E. coli and L. monocytogenes.

4. Conclusions

Agar-based functional films were prepared in situ by using resorcinol for reducing
AgNOjs and agar to stabilize AgNPs and polymer matrices. The incorporation of resorcinol-
mediated AgNPs had a significant impact on the optical, structural, and mechanical proper-
ties of the agar-based films. In particular, the addition of AgNPs significantly enhanced the
mechanical strength, surface hydrophobicity, and thermal stability of the film and provided
strong antibacterial activity. The addition of resorcinol improved the UV-barrier property
and antioxidant activity of the film. The Agar/Res/AgNP composite film completely
inhibited the growth of foodborne pathogenic bacteria, E. coli and L. monocytogenes. The
Agar/Res/AgNP composite films with enhanced physical and functional properties are
likely to be used in active packaging applications to improve the shelflife of foods.
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