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A B S T R A C T   

Silver nanoparticles (AgNP L) synthesis using the active compounds of lemon juice was optimized. The obtained 
nanoparticles were included in starch-based film formulations, studying the relevant properties that condition 
their application in the packaging area. The optimized conditions for AgNP L’ synthesis were 30 min at 90 ◦C, 
which led to the lowest nanoparticle size (5.5 nm) with the highest associated stability (ζ= −29.5 mV) up to 90 
days. Nanocomposite films resulted with an orange tone that increased with AgNP L concentration (14.3–143 
ppm). Water vapor permeability decreased while tensile mechanical resistance increased up to an aggregate of 
71.5 ppm of AgNP L, indicating the nanoparticles’ reinforcement of the polymer matrix. Besides, the citric acid 
content provided by lemon juice also affected the starch-based relevant film properties. Regarding antimicrobial 
capacity, a synergic effect between active compounds of lemon juice and silver nanoparticles was evidenced, 
being Salmonella spp. the most sensitive bacteria.   

1. Introduction 

Silver nanoparticles (AgNPs) are highly recognized by their antimi
crobial capacity and their use in different fields have been proposed, 
such as medicine and pharmacy, applications in optoelectronics, as 
catalysts and as antibacterial materials. In general, they are obtained by 
chemical synthesis by the reduction of a silver salt using strong reducers 
such as sodium borohydride (Pinto et al., 2010) that leads to environ
mental toxicity risks. Thus, several studies have been conducted on 
green synthesis of AgNPs that involves the selection of a solvent medium 
and environmentally friendly reducing agents and stabilizers (Nasrol
lahzadeh, Sajadi, Babaei, & Maham, 2015; Nasrollahzadeh, Mahmou
di-Gom Yek, Motahharifar, & Ghafori Gorab, 2019; Ren, Yang, Wang, & 
Wang, 2016; Rolim et al., 2019). 

Although the synthesis of silver nanoparticles using lemon juice has 
been reported (Mohapatra, Kaintura, Singh, Kuriakose, & Mohapatra, 
2015; Prathna, Chandrasekaran, Raichur, & Mukherjee, 2011; Prathna, 
Raichur, Chandrasekaran, & Mukherjee, 2014), studies related to the 
optimization of the synthesis conditions, the effect of these on the 
morphological characteristics, and the stability of the nanoparticles 
obtained are scarce. Likewise, based on these characteristics, it is 
important to propose a mechanism that describes the nanoparticles 

formation process in these complex systems. In this regard, Polte et al. 
(2012) has carefully reviewed the different mechanisms that may be 
involved in the synthesis of nanoparticles, especially in silver ones. 
Albeladi, AL-Thabaiti, and Khan (2020) have stressed that nano
particles’ morphology depends on the capping action of the used sta
bilizer. In this sense, different substances such as surfactants, proteins, 
carbohydrates, lipids, ligands, bacteria and aqueous plant extracts have 
been used to control the shape and size of the synthesized nanoparticles. 
Besides, the antimicrobial effect of silver nanoparticles depends on their 
size and shape (Chahal, Mahendia, Tomar, & Kumar, 2010; Raza et al., 
2016). 

Different applications can be proposed for the synthesized nano
particles, including their inclusion in nanocomposite materials formu
lations based on chitosan, gelatin, PVA and starch among others (Cano, 
Cháfer, Chiralt, & González-Martínez, 2016; Maryami, Nasrollahzadeh, 
Mehdipour, & Sajadi, 2016; Zhang & Jiang, 2020). In previous works, 
the synthesis of silver nanoparticles was conducted directly on the fil
mogenic suspension (synthesis in situ), and the AgNPs content as well as 
the starch concentration in the nanocomposite films were optimized 
(Ortega, Giannuzzi, Arce, & García, 2017; Ortega, García, & Arce, 
2019). Films containing 143 ppm AgNPs exhibited improved barrier and 
mechanical properties as well as antimicrobial activity. Likewise, starch 
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contents of 3% (w/v) led to filmogenic suspensions with optimal rheo
logical behavior and final film properties that determine its application 
in food packaging. 

The aims of this work were: to optimize the conditions for the silver 
nanoparticles synthesis using the active compounds of lemon juice, to 
characterize their morphology and stability and to include them in the 
formulation of starch-based films, studying the relevant properties that 
condition their subsequent application in the packaging area. 

2. Materials & methods 

2.1. Materials 

The lemons (Citrus limon) used were grown in La Plata city, Argentine 
(34◦56’26”S 57◦59’44” W). Silver nitrate (AgNO3) was purchased from 
Biopack (Biopack, Buenos Aires, Argentine) and glycerol by (Anedra, 
Buenos Aires, Argentine); both reagents were analytical grade. Native 
corn starch with 25 % amylose was provided by Unilever (Unilever, 
Buenos Aires, Argentine). 

2.2. Lemon juice characterization 

Fresh lemons were squeezed, and the juice was strained and centri
fuged at 10,000 rpm, for 10 min at 0 ◦C (Sorvall ® RC 5B Plus). In order 
to characterize the lemon juice, total soluble solids (TSS) were deter
mined according to the AOAC 932.12 official method (AOAC Interna
tional, 2007) by placing a drop of filtered juice onto a digital 
refractometer MA871 (Milwaukee Instruments, Europe). Measurements 
were performed at least in duplicate and TSS content was expressed in 
◦Brix. Titratable acidity was determined according to the AOAC 942.15 
method (AOAC International, 2007) on a 1:5 dilution of the lemon juice 
centrifuged with ultrapure water. The sample was titrated with 1 N 
NaOH up to pH 8.1 using an AD800 pH meter (Adwa, Hungary). Samples 
were analyzed at least by duplicate and the acidity was expressed as g of 
citric acid per 100 mL of juice. Likewise, juice’s density was also 
determined, according to Alvarez, Jorrat, and Genta (2005). 

Reducing sugars content was determined by the Somogyi-Nelson 
colorimetric method (González Blair & Castellanos Domínguez, 2003). 
Samples were analyzed in duplicate and measurements were performed 
in a spectrophotometer U-1900 HITACHI (Japan) at 520 nm. Since it has 
been reported that glucose and fructose are mostly present in lemon 
juice (Alvarez et al., 2005), standard solutions of these monosaccharides 
were prepared and the results were expressed as mg of glucose and 
fructose per ml of juice, respectively. 

The ascorbic acid (AA) content in the lemon juice was quantified 
according to the protocol proposed by Monroy, Rivero, García, and 
García (2017). For this purpose an HPLC (model Waters 1525, Binary 
HPLC Pump, Milford, MA, USA) equipped with an optical detector 
(Waters 2998, Photodiode Array Detector, Milford, MA, USA) was used 
with a metaphosphoric acid:acetonitrile 93:7 mobile phase. A 1:4 dilu
tion of the sample filtered through a 0.45 μm membrane was analyzed. 

Polyphenols composition was analyzed by HPLC following the pro
tocol described by Reyes-Álvarez and Lanari (2020). All the compounds 
were identified by comparing the retention time and spectral charac
teristics of the peaks with commercial standards (Reyes-Álvarez & 
Lanari, 2020) and then quantified according to the peak area of the 
corresponding standard. 

2.3. Synthesis of silver nanoparticles with lemon juice (AgNP L) 

The AgNP L were obtained according to the method proposed by 
Prathna et al. (2011) with some modifications. Briefly, a solution of 
AgNO3 6.5 10−3M was added to the centrifuged lemon juice in a ratio of 
1:4 under continuous stirring, which led to a 1.3 10−3M AgNPs’ stock 
solution. The synthesis was carried out at different temperatures: 45, 
67.5 and 90 ◦C in a thermostatic bath. Control suspensions were 

prepared by replacing the AgNO3 solution addition with ultrapure water 
and submitted to the aforementioned heating conditions. 

In order to follow the nanoparticles formation samples of 3 mL were 
taken at different reaction times and analyzed by UV–vis absorption 
spectroscopy over the wavelength range from 200 to 800 nm using a T90 
+ UV/vis Spectrometer (PG Instruments, USA). Once the nanoparticles 
were obtained, the morphology was examined by transmission electron 
microscopy (JEOL-JEM 1200EXII, Japan) equipped with an Erlangshen 
ES1000W, Model 785 (Gatan Inc., Pleasanton, California, USA) camera. 
TEM micrographs were processed with the ImageJ Software™ and 
nanoparticle size and polydispersity were obtained. 

Zeta potential (ζ) was measured in a SZ-100 Nano particle analyzer 
(Horiba Scientific, Japan). A 1:100 dilution of the nanoparticles solu
tions with KNO3 10−3M was analyzed and the applied voltage was 3.3 V 
at 25 ◦C. Determinations were performed at least in duplicate. 

AgNP L solutions’ stability submitted to refrigerated storage (4 ◦C) 
was studied using UV–vis absorption spectroscopy by analyzing the 
surface plasmon resonance (SPR) bands between 400−500 nm. The 
samples were evaluated for a 90 days storage period. 

2.4. AgNP L incorporation to starch films 

Starch-based nanocomposite films were obtained by the casting 
method according to Ortega et al. (2017). Thus, different amounts of 
AgNP L synthesized at 90 ◦C for 30 min were mixed with 3 % w/v corn 
starch suspensions to obtain nanocomposite films. The volumes of the 
AgNP’s stock solution added to 100 mL of filmogenic suspensions were 
385, 770, 1920 and 3850 μl, leading to a final content of Ag of 5, 10, 25 
and 50 μM, respectively. Nanocomposite suspensions were gelatinized at 
90 ◦C to 20 min, then were cooled to 50 ◦C and 30 % w/w glycerol was 
added as plasticizer. Filmogenic suspensions were placed onto acrylic 
Petri dishes (0.3144 g/cm2) and dried in an air forced convection oven 
(50 ◦C for 5 h). After the drying process, the films were peeled-off from 
the mold and samples were conditioned at 70 % relative humidity and 
25 ◦C before the films’ characterization. The final concentration of the 
nanoparticles in the active materials was expressed in mg of Ag per kg 
dried film and corresponds to 14.3, 28.6, 71.5 and 143 ppm. 

Control films were obtained replacing the amount of AgNP L by the 
control suspension previously described; then the same procedure was 
followed. 

2.5. Nanocomposite films’ properties and characterization 

Films’ thickness was measured using a digital ultrasonic thickness 
gauge meter CM-8822 (New York, USA) and films’ moisture content was 
gravimetrically evaluated as was previously reported (Ortega et al., 
2017, 2019). 

Films’ solubility (%) at 25 ◦C and 100 ◦C was determined following 
the previously described technique (Ortega et al., 2017). Samples were 
analyzed at least in duplicate. 

Nanocomposite films’ surface color and their evolution over the 
storage time were determined using a Konica Minolta CR Serie 300 
(Konica Minolta, Japan). Samples were placed onto a white standard 
plate (L* = 97.44, a*= -0.06 and b* = 1.78). CIELab scale was used to 
measure the luminosity (L*) and the chromaticity parameters (a* and 
b*); then color difference (ΔE) was calculated according to Ortega et al. 
(2019). At least five measurements were taken at initial time and during 
storage under controlled conditions (25 ◦C and 72 % relative humidity). 
For comparison purposes, to calculate the color differences, the white 
standard plate was used as reference while in the case of stored samples 
the color parameters of freshly prepared samples were used. 

Films’ UV–vis barrier capacity was evaluated as the area under the 
absorption curve between 200 and 700 nm, as described in a previous 
work (Ortega et al., 2019). Film samples (1 × 3 cm) were cut, placed in a 
quartz cell and analyzed in a T90 + UV/vis Spectrometer (PG In
struments, USA), at least in triplicate. 
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Films’ water vapor permeability (WVP g/m s Pa) was determined at 
20 ◦C as described by López, García, and Zaritzky (2008). Measurements 
were performed at least by duplicate. 

The materials’ tensile resistance was evaluated using a texturometer 
TA.XT2i-Stable Micro Systems (England) with a tension grip system A/ 
TG, as was described in previous works (Ortega et al., 2017, 2019). The 
tensile strength (TS, MPa), elongation at break (EB, %) and the elastic 
modulus (EM, MPa) were calculated according to the ASTM D882-91 
method. At least twelve replicates were analyzed. 

Heat sealing capacity was evaluated on 71.5 ppm AgNP L films and 
their controls using a manual impulse thermosealer (Lipari, Rosario, 
Argentina). The heat-sealing resistance was determined according to 
Ortega et al. (2017). Mechanical patterns were recorded and failure 
modes were determined according to ASTM standard method F88-00 
(2001). Maximum and media heat-sealing tensile resistance were 
determined and expressed in MPa. The area under the curve (J/m) was 
also calculated. 

Antimicrobial activity of nanocomposite films was assessed by the 
agar disc diffusion method as was previously described Ortega (Ortega 
et al., 2017, 2019). Films with 2 cm diameter were placed in contact 
with the Agar Mueller-Hinton (Merck) Petri dishes that were inoculated 
with the corresponding bacterial inoculum (104 CFU/mL) prepared in 
Tryptone Soya Broth (TSB). Microorganisms tested were Gram-negative 
(Salmonella spp., Pseudomona aeruginosa ATCC and E.coli ATCC) and 
Gram-positive bacteria (S. aureus ATCC). Samples were incubated at 37 
◦C and visual observations at 24 and 48 h were carried out. In all cases, 
assays were conducted at least by triplicate. 

2.6. Statistical analysis 

For multifactor analysis of variance as well as linear and non-linear 
regressions, Systat-software (SYSTAT, Inc., Evanston, IL, USA) version 
13.0 was used. Fisher’s least significant difference (LSD) mean 
discrimination test allow determining differences in the films properties; 
a significance level of α = 0.05 was used. 

3. Results and discussion 

3.1. Lemon juice characterization 

The characteristic physicochemical parameters of the lemon juice 
used in this work, as well as the content of the most relevant compounds 
that intervene in the silver nanoparticles’ synthesis were determined. 
The TTS value (7.60◦Brix) as well as the titratable acidity (5.43 ± 0.3 mg 
citric acid/100 mL juice) and density (1.035 g/mL) of the lemon juice 
results within the range of reported data for lemon juices cultivated in 
the Argentina region (Alvarez et al., 2005). 

Regarding the compounds chemically relevant for nanoparticles 
synthesis, the obtained values of reducing sugars content were slightly 
higher than those reported by Alvarez et al. (2005), being these 5.57 and 
5.56 mg/mL for glucose and fructose, respectively. A similar trend was 
followed by the ascorbic acid concentration, which was slightly higher 
(71.8 ± 0.6 mg/100 mL) than those reported by Marín, Martinez, Uri
besalgo, Castillo, and Frutos (2002), who informed values within the 
range of 25.2–76.3 mg/100 mL, depending on the extraction procedure 
used and the lemon variety. Three phenolic acids were detected by HPLC 
in the lemon juice used in this work (Fig. S1): gallic (2.4 ± 0.6 μg/mL), 
chlorogenic (26.7 ± 1.9 μg/mL) and caffeic acid (223.2 ± 7.6 μg/mL) as 
well as a flavonoid, rutin (24.8 ± 2.6 μg/mL). Many studies have been 
responsible for identifying the polyphenols present in lemon juice, as 
well as evaluating their bioactive properties (Andrés-Lacueva et al., 
2009; Kelly, Kelly, & O’Mahony, 2019). 

3.2. Synthesis of AgNP using lemon juice as reducing agent 

The obtaining of silver nanoparticles through the Ag+ reduction by 

the active compounds present in lemon juice was monitored using 
UV–vis spectroscopy. Fig. 1 shows the typical absorbance spectra as a 
function of time reaction indicating the silver nanoparticles formation. 
Spectra were characterized in the visible region by the typical SPR 
located around 420−460 nm and in the UV zone by absorbance peaks 
corresponding to constituents of lemon juice such as polyphenols (325 
nm), flavonoids (280 nm) and ascorbic acid (245 nm). Regardless of the 
synthesis’ temperature used, the absorbance peaks corresponding to 
lemon juice components were slightly affected, attributing the observed 
changes to polyphenols condensation. 

In general, the higher the synthesis temperature the faster the sta
bilization of the UV–vis spectra, which indicates the efficiency of the 
process. Thus, 130 min are required to achieve this condition when the 
reaction was conducted at 45 ◦C (Fig. 1a). Meanwhile, the spectra sta
bilization is attained at 70 and 30 min when the synthesis is conducted 
at 67.5 ◦C and 90 ◦C, respectively (Fig. 1 b and c). 

Regarding the AgNP L formation, a four-step growth mechanism was 
proposed, in agreement with those proposed by Polte et al. (2012), when 
the nanoparticles synthesis occurs in the presence of an additional steric 
stabilizing agent, such as polyvinylpyrrolidone. The first step corre
sponds to the immediate chemical reduction of the AgNO3 by the re
ducers present in lemon juice (mainly ascorbic acid and citric acid in 
addition with other constituents as reducing sugars, polyphenols and 
flavonoids present in the juice). A similar reaction hypothesis was 
argued by Mohapatra et al. (2015). Then the first coalescent process 
occurs, leading to an ensemble of particles having a mean radius lower 
than 1 nm with a high polydispersity associated (around 60 %). Based on 
SAXS measurement, Polte et al. (2012), determined that this second step 
occurs within the first 2 min and the associated plasmon resonance was 
observed at 390 nm. The third step corresponds to a metastable state 
where the particles reach a mean radius of 1 nm. The metastable state 
lasts for about 5−60 min (depending on the synthesis’ temperature), and 
in this step no substantial change was detected in the UV–vis spectra 
(Fig. 2a). The final step is the coalescence of the formed particles that 
stops when the nanoparticles reach a size at, which the colloidal stability 
is sufficient to prevent aggregation and further coalescence. 

Fig. 2b shows the TEM micrographs of the obtained nanoparticles 
through the reaction conducted at the assayed temperatures. AgNP L’ 
sizes obtained were 7.7 ± 1.7 nm, 13.5 ± 3.7 nm and 5.5 ± 0.8 nm for 
45, 67.5 and 90 ◦C reactions. It is evident that the lowest polydispersity 
(22 %, 27.4 % and 14.5 % respectively) in the nanoparticles size is 
achieved when the reaction was conducted at 90 ◦C, which indicates the 
major stability of the systems. Besides, in the case of nanoparticles 
synthesized at 45 ◦C, the aggregation phenomenon is still detected 
(Fig. 2b). 

The stability of the nanoparticles was also evaluated by determining 
the zeta potential measurements of the colloidal suspensions obtained. 
The values achieved were −7.6 ± 0.9 mV, −8.4 ± 1.1 mV and −10.8 ±
1.6 mV for the nanoparticles synthesized at 45, 67.5 and 90 ◦C, 
respectively. The results indicate again that the stability of the system 
improves when the reaction proceeds at a higher temperature. The low 
zeta potential values obtained in relation to the literature are attributed 
to the low concentration of AgNO3 used (6.5 10−3M). When the same 
test was performed at 90 ◦C with a higher concentration of silver salt 
(6.5 10−2M), the value obtained was -29.5 ± 2.7 mV, which is similar to 
those reported by Prathna et al. (2011, 2014), for similar silver con
centrations (−29 mV). 

Considering both, the aforementioned results and the time required 
to synthesize nanoparticles the temperature of 90 ◦C was selected. 
Fig. 1d shows the evolution of the UV–vis spectra of the colloidal sus
pensions obtained in the selected condition during the storage at 4 ◦C 
and darkness. The sample was stable up to 90 days maintaining the zeta 
potential value (−9.6 ± 0.9 mV), which did not differ significantly from 
the previously mentioned value. Although the silver nanoparticles 
studies during storage are limited, these results are in agreement with 
those obtained by Pinto et al. (2010), who observed that the SPR band of 
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Fig. 1. UV–vis absorption spectra of AgNP L synthesized at different temperatures a) 45 ◦C; b) 67.5 ◦C; c) 90 ◦C, and d) UV–vis spectra evolution of AgNP L 
synthesized at 90 ◦C stored for 90 days. 

Fig. 2. a) AgNP L synthesis’ kinetic at different temperatures, b) TEM micrographs of the AgNP L obtained at 45, 67.5 and 90 ◦C and their corresponding histogram.  
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AgNPs stored at 4 ◦C were more stable because the dispersion of smaller 
nanoparticles was lower. This is a relevant result, considering the future 
nanoparticle application and since the studies of nanoparticles’ stability 
during storage are scarce (Albeladi et al., 2020; Pinto et al., 2010). 

3.3. Nanocomposite starch films containing AGNP LL 

Both the nanocomposite films and control ones were homogeneous 
and easily peeled-off from the plates. The nanoparticles addition did not 
affect the films’ thickness or their moisture content that remained 
around 23 % (Table 1). 

Visually, control films presented a slightly yellowish tone that was 
intensified with lemon juice content (Fig. S2), which in turn well 
matched with the increase in chromaticity parameter b* values (Fig. 3a). 
This faint yellow tone was attributed to the presence of carotenoids in 
lemon juice. When the nanoparticles were incorporated into the mate
rial, their coloration changed, visually evidencing a slightly orange tone 
(Fig. S2). Thus, the brightness decreased significantly (p < 0.05) with 
respect to the control, being this effect dependent with the AgNP L 
content. Regarding the chromaticity parameters, a* passed from nega
tive to positive values, whereas b* enhanced significantly (p < 0.01), 
coinciding with the increase in the films’ orange hue (Fig. 3a). These 
results were attributed to the SPR of the nanoparticles, which exhibit 
absorption in the visible region (Fig. 1a). Consequently, the increase in 
color difference (ΔE) was more evident for nanocomposite films ac
cording to the data obtained. A similar trend was reported by Wang et al. 
(2020) working on PVA-bacterial nanocellulose packaging films con
taining AgNPs. 

Likewise, during storage under controlled conditions the films’ color 
was slightly intensified, being this effect more important in nano
composite systems (Fig. 3b). The same effect was found by Rhim, Wang, 
and Hong (2013). Although the plasmon of the colloidal AgNP L solution 
was stable over time (Fig. 1d), the results obtained could be attributed to 
the modifications of the active components in the lemon juice, mainly 
polyphenols and flavonoids. Besides, it is important to remark that color 
differences enhance only 0.5 and 2 units in the case of controls and 
nanocomposite films containing 143 ppm AgNP L after 14 days of 
storage. The control films’ UV barrier capacity increased with the lemon 
juice content, due to the presence of flavonoids and phenolic compounds 
(Fig. 3c). In nanocomposite films, a significant increase (p < 0.05) in this 

capacity was observed for AgNP L concentrations higher than 28.6 ppm. 
In general, nanocomposite films were more opaque, mainly due to the 
fact that the light path would be blocked by the AgNPs, being this effect 
more marked for aggregates higher than 28.6 ppm. These results are in 
agreement with the luminosity parameter measurements previously 
described (Fig. 3a). 

Table 1 shows the effect of nanoparticles addition on the corn starch 
films’ WVP. In control samples, the permeability was maintained until 
an aggregate of lemon juice equivalent to the formulation containing 
71.5 ppm AgNP L. In this case and considering the titratable acidity of 
the juice, an addition of 3.47 g of citric acid (CA) per 100 g of starch was 
estimated. The control corresponding to the formulation with 143 ppm 
AgNP L showed a significantly (p < 0.05) lower WVP than the rest of the 
controls; in this sample the estimated CA content would correspond to 
6.97 %. It has been described that CA exerts different effects on filmo
genic formulations, depending on its concentration: it can hydrolyze the 
polymer chains of the starch constituents and act as a plasticizer, 
reducing the interactions among polymer chains. In addition, it can 
promote the crosslinking of the matrix when the material is subjected to 
a high temperature heat treatment, generally around 150 ◦C. However, 
the crosslinking reaction between CA and starch can occur at lower 
temperatures, such as 70−85 ◦C, although to a lesser extent (Menzel 
et al., 2013; Seligra, Medina Jaramillo, Famá, & Goyanes, 2016). Thus, 
in control samples the hydrolyzing effect would prevail, which is evident 
with the higher acid content and as a result there would be a better 
packing of the shorter polymer chains, with the consequent structural 
modification that would explain the decrease in WVP. Several authors 
have described this effect of CA in starch matrices (Reddy & Yang, 2010; 
Seligra et al., 2016). Furthermore, Shi et al. (2008) reported that a CA 
concentration higher than 5% (g CA/100 g biopolymer) is required to 
evidence this effect. 

In nanocomposite materials it was observed that up to an aggregate 
of 71.5 ppm of AgNP L, the WVP significantly (p < 0.05) decreased with 
respect to its corresponding control due to the increase in the tortuosity 
of the paths that water vapor must follow to cross the film (Table 1). 
These results are also indicative of the nanoparticles’ reinforcement of 
the polymer matrix, which is in agreement with Cheviron, Gouanvé, and 
Espuche (2015). However, samples with 143 ppm of AgNP L presented 
WVP values comparable to their control and even higher than the other 
nanocomposite materials (Table 1). A similar trend was reported by 
Zhang and Jiang (2020) working on chitosan films with tea 
polyphenols-mediated green synthesis silver nanoparticles. With the 
highest nanoparticles concentration they would not cause such an 
important effect on the network as mentioned in the control samples, 
and may even promote the generation of defects in the matrix and 
consequently the increase in the WVP of the material. Besides, nano
composite films with 143 ppm AgNP L contain also a higher proportion 
of hydrophilic compounds from lemon juice, which induce an increment 
in the WVP value. This hypothesis was also argued by Zhang and Jiang 
(2020). 

Table 1 also shows the films’ solubility values; there was no signif
icant effect due to the incorporation of lemon juice in control films’ 
solubility at 25 ◦C up to 71.5 ppm, maintaining it at approximately 36 %. 
Addition of the equivalent concentration of 143 ppm led to slightly more 
soluble control films. The high water solubility of starch-based films is 
attributed to the ability of the hydrophilic polymer matrix to establish 
hydrogen bonding interactions with the surrounding medium. 

For nanocomposite samples, the trend is not clear resulting films in 
general with the same solubilities values (28.6 and 143 ppm) or slightly 
higher (14.3 and 71.5 ppm) than control ones. Although the procedure 
to determine film solubility is commonly used for biodegradable mate
rials the limitation of the technique are the inherent errors associated. 
When the temperature increased the expected effect was observed, 
control films were on average 36 % soluble at 25 ◦C and 39 % at 100 ◦C. 
Meanwhile the same consideration for nanocomposite materials lead to 
an average solubility value of 40 % at 25 ◦C and 47 % at 100 ◦C. A 

Table 1 
Thickness, water vapor permeability and water solubility of control and nano
composite starch-based films.  

Sample 
Thickness 
(μm) 

WVP 
(10−10g/m s 
Pa) 

Solubility (%) Humidity 
content (%) 25 ◦C 100 ◦C 

Cont L 
14.3 

103.5 ±
3.9a 

1.60 ± 0.20e 35.3 ±
0.2b 

39.9 ±
4.2a,b 

24.4 ± 0.9b 

Cont L 
28.6 

101.6 ±
3.7a 

1.62 ± 0.08e 34.6 ±
0.4 a 

37.7 ±
0.8a 

23.1 ± 0.2a,b 

Cont L 
71.5 

104.0 ±
4.1a 

1.53 ± 0.20e 35.1 ±
2.8a,b 

36.6 ±
2.6a 

24.7 ± 0.9b 

Cont L 
143 

103.5 ±
4.3a 

0.99 ± 0.08c 38.2 ±
0.2c 

42.9 ±
0.4b 

22.2 ± 0.4a 

AgNP L 
14.3 
ppm 

100.0 ±
3.9a 

1.10 ± 0.09c, 

d 
46.0 ±
1.3e 

54.7 ±
0.1d 

23.9 ± 0.6a,b 

AgNP L 
28.6 
ppm 

101.1 ±
4.1a 

0.75 ± 0.01 b 35.9 ±
1.7a,b 

42.5 ±
3.6b,c 

24.5 ± 0.6b 

AgNP L 
71.5 
ppm 

102.7 ±
3.9a 

0.63 ± 0.07 a 40.9 ±
0.6d 

45.6 ±
1.8b,c 

23.2 ± 1.7a,b 

AgNP L 
143 
ppm 

101.4 ±
4.1a 

1.20 ± 0.30 d 38.7 ±
0.3c 

46.0 ±
0.7b,c 

22.0 ± 1.0a 

Means ± SD values are presented. Different letters within the same column 
indicate significant differences (p < 0.05). 
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similar trend was observed in a previous work for films containing the 
same concentrations of AgNPs synthesized in situ reporting that films 
were 31 % and 45 % soluble at 25 ◦C and 100 ◦C, respectively (Ortega 
et al., 2017). 

Fig. 4a shows the mechanical profile (stress-strain curves) of the 
nanocomposite films and their corresponding controls for the concen
trations of 14.3 and 71.5 ppm AgNP L. In general, all films exhibited a 
ductile and flexible behavior that was conditioned by both lemon juice 
and AgNP L incorporation. Regarding the lemon juice effect, different 
authors stress that CA addition up to 5 % lead to an improvement in the 
films’ TS due to this organic acid induce the crosslinking among poly
meric chains even at low temperatures (90 ◦C) (Reddy & Yang, 2010; 
Seligra et al., 2016; Shi et al., 2008). This trend was evidenced by the TS 
evolution for control films (Fig. 4b) and the matrix reinforcement 
associated to crosslinking was observed for control samples containing 
up to the equivalent of 71.5 ppm AgNP L (with 3.47 % CA, calculated 
considering the lemon juice added and its titratable acidity). Then, a 
significant decrease (p < 0.05) in this mechanical characteristic was 
recorded for controls corresponding to 143 ppm (containing 6.97 % CA). 
This may be due to the fact that the excess of CA in the matrix acts as a 
plasticizer reducing the interactions between the macromolecules. 
Similar results were informed by Shi et al. (2008) working on corn 
starch-PVA films containing 5–30 % CA. However, the expected enhance 
in film flexibility was not observed (Fig. 4c) in control films. 

Regarding the AgNP L’ incorporation to corn starch films, the typical 
effect of nanoparticles addition was observed up to 71.5 ppm showing 
higher TS values than the corresponding control films (Fig. 4b), which is 
in agreement with other authors’ findings (Cheviron et al., 2015; Zhang 
& Jiang, 2020). These results are also in agreement with those reported 
in a previous research where the effect of in situ synthesis of AgNP at the 
same concentrations that those used in this work was studied Ortega 
et al. (2017). Thus, regardless of the nanoparticles synthesis technique 

and the fact that they are generated in situ or added to the formulation, 
the effect of the matrix reinforcement was verified. Besides, in general, 
the evolution of the EM and mechanical work was similar to that of the 
TS (Fig. 4b); likewise, the EB was not affected by AgNP L addition 
(Fig. 4c). Then, for 143 ppm AgNP L addition a significant (p < 0.05) 
decrease was observed in the TS and the consequent increment in the 
elongation (Fig. 4b and c). A similar behavior was reported by Cano 
et al. (2016) working on starch-PVA films with UV-light synthesized 
silver nanoparticles. The reinforcement of the film matrix, evidenced by 
the increase in the EM and TS as well as the decrease in the elongation at 
break, was observed with AgNP concentrations up to 85.6 ppm. In 
contrast, higher concentrations lead to a detriment of the mechanical 
properties. Considering the nanocomposite film formulation containing 
85.6 ppm AgNP, Cano et al. (2016) registered an increase of 52 % in the 
EM and 14 % in the obtained TS values and films became 17 % less 
stretchable than control ones. Comparing these values with those ob
tained in the present work for films containing 71.5 ppm AgNP L: both 
EM and TS increase 25 % whereas EB was not significantly (p < 0.05) 
affected, although the obtained values are lower than those of pea 
starch-PVA films, as can be expected. The observed effect of nano
particles in biopolymers based films at low concentrations, could be 
attributed to the adsorption of nanoparticles to the polymeric chains, 
and their interaction through van der Waals forces as was proposed by 
Rhim et al. (2013) and Shameli et al. (2010). Meanwhile at high con
centrations, as stressed Cano et al. (2016), a possible oversaturation of 
the polymer network active points for the nanoparticles adsorption, lead 
to a reduction in the intermolecular forces among polymeric chains, and 
thus weaker films are obtained. 

Therefore, the above nanocomposite films’ mechanical properties 
are affected by both CA effect from the lemon juice and silver nano
particles addition. Besides, mechanical properties results are in agree
ment with those of WVP previously described. 

Fig. 3. a) Optical properties L*, b* and b) color difference (ΔE) of controls and nanocomposite films. c) Color differences of films stored for 14 days and d) UV–vis 
barrier capacity of the obtained materials. 
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With respect to the heat-sealing capacity, all starch based films were 
sealed by impulse sealing technique. The failure mode of heat-sealed 
control films was delamination, whereas in the case of nanocomposite 
ones a mixed mode was observed between adhesive failure and delam
ination. Cho, Ullsten, Gallstedt, and Hedenqvist (2007), stressed that a 
good quality zip is obtained when the molecular interaction between 
individual layers is enough to destroy the interface, and lead to a new 
homogenous layer. Fig. 4d shows the typical mechanical profile ob
tained from heat-sealing resistance assays. The maximum tensile resis
tance and the necessary energy to cause the failure (area under the 
curve) of the heat-seal were similar for both control and nanocomposite 
films, since the obtained values did not statistically (p > 0.05) differ. 
Although media tensile resistance of nanocomposite films were signifi
cantly (p < 0.05) higher than control ones, which could be attributed to 
the nanoparticles’ reinforcement of the starch matrix. Other authors 
reported an improvement of the heat-sealing capacity in gelatin and 
potato starch films with the incorporation of different nanometric re
inforcements (Sadegh-Hassani & Mohammadi Nafchi, 2014). 

Considering that the developed materials could be used for the 
design of food packaging, bacteria indicative of good manufacturing 
practices (GMP) were selected to evaluate the films’ antimicrobial ca
pacity. Thus, within the Gram-negative bacteria, E Coli was evaluated as 
an indicator of deficient hygiene practices, Pseudomona aeruginosa as an 
indicator of general hygiene in the production area and Salmonella spp. 
since the mandatory quality criterion is the absence of this microor
ganism in foodstuffs. S. aureus spp., a Gram-positive bacterium indica
tive of inadequate food handling due to poor operator hygiene, was also 
tested. In general, it was observed that Gram negative bacteria were 
more sensitive than Gram positive ones (Table 2). Similar results were 
informed by other authors (Cano et al., 2016; Zhang & Jiang, 2020). 

Salmonella spp. was the most sensitive microorganism since inhibi
tion by contact was observed in both control and nanocomposite films, 

and the appearance of an inhibition halo was observed for concentra
tions higher than 28.6 ppm. The addition of the AgNP L to the filmogenic 
suspensions allowed improving the antimicrobial capacity of the films, 
registering an increase in the inhibition halos’ diameter compared to the 

Fig. 4. a) Stress (σ)-strain (ε) curves for nanocomposite films and their corresponding controls formulated with 14.3 and 71.5 ppm AgNP L. b) Tensile strength and c) 
elongation at break evolution of control and nanocomposite films. d) Mechanical profile of heat-sealed samples containing 71.5 ppm AgNP L. 

Table 2 
Antimicrobial capacity evaluation of control and nanocomposite films.  

Sample 

Gram negative Gram positive 

E. coli ATCC Salmonella 
spp. 

Pseudomona 
ATCC 

S. aureus 
ATCC 

Cont L 14.3 Contact 
inhibitiona 

Contact 
inhibitiona 

Contact 
inhibitiona 

No inhibitiona 

Cont L 28.6 Contact 
inhibitiona 

Contact 
inhibitiona 

Contact 
inhibitiona 

No inhibitiona 

Cont L 71.5 Halo 1.9 mmb Halo 11.0 
mmc 

Halo 5.0 mmd Contact 
inhibitionb 

Cont L 143 Halo 19.0 
mmc 

Halo 9.0 mmb Halo 4.0 mmc Contact 
inhibitionb 

AgNP L 
14.3 
ppm 

Contact 
inhibitiona 

Contact 
inhibitiona 

Contact 
inhibitiona 

No inhibitiona 

AgNP L 
28.6 
ppm 

Contact 
inhibitiona 

Contact 
inhibitiona 

Contact 
inhibitiona 

Contact 
inhibitionb 

AgNP L 
71.5 
ppm 

Halo 2.0 mmb Halo 12.8 
mmd 

Halo 2.0 mmb Contact 
inhibitionb 

AgNP L 
143 ppm 

Halo 21.7 
mmd 

Halo 10.0 
mmc 

Halo 7.0 mme Halo 6.5 mmc 

Different letters within the same column indicate significant differences (p <
0.05). Minimum significant difference (LSD Fisher test): E. Coli ATCC = 0.347 
mm; Salmonella spp. = 0.329 mm; Pseudomona ATCC = 0.351 mm and S. aureus 
ATCC = 0.091 mm. 
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control samples of 16 and 11 % for concentrations of 71.5 and 143 ppm 
respectively. A similar behavior was registered for E. coli, observing an 
increase in the inhibition halos’ size of 14 % for 143 ppm. For Pseudo
mona aeruginosa, although there was inhibition in all cases and that 
halos were observed from the aforementioned concentrations, with ag
gregates of 71.5 ppm, a 60 % decrease in the size of the halo was 
recorded, whereas doubling this concentration (143 ppm) the size of the 
halo increased 75 % in relation to the control (Table 2). Neither the 
controls nor the nanocomposite films inhibited S. aureus at concentra
tions equivalent to 14.3 ppm. For higher contents, inhibition was 
observed in all the nanocomposite films, while in the case of controls 
inhibition by contact was registered only from 71.5 ppm. The presence 
of the inhibition halo was only recorded on films containing 143 ppm 
AgNP L. 

The results obtained can be attributed in the case of controls to the 
presence of compounds with antimicrobial activity per se, such as ter
penic compounds and flavonoids (Espina et al., 2011), as well as to the 
decrease in pH of filmogenic suspensions. In nanocomposite films, the 
inherent antimicrobial capacity of silver nanoparticles is added to the 
aforementioned factors, already demonstrated in previous works 
(Ortega et al., 2017, 2019). The same concentrations of AgNP obtained 
through different green synthesis techniques have been used in the 
aforementioned and present works. However, when silver nanoparticles 
are synthesized with lemon juice a synergic effect between active 
compounds present in the citric juice and the AgNP was evidenced. 
Thus, in the case of the synthesis in situ, only contact inhibition was 
registered for concentrations of 71.5 ppm (Ortega et al., 2017), the halo 
presence was registered in the case of the nanoparticles’ synthesis with 
lemon juice. 

Regarding the silver nanoparticles concentrations Yoksan and Chir
achanchai (2010), reported that clear inhibitory zones larger than 28 
mm were observed in chitosan-starch films using high silver nano
particles concentrations from 0.07 to 0.29 % (w/w). This corresponds to 
concentrations up to 700 ppm, although in this case toxicity risks should 
be considered. 

Therefore, it was demonstrated that silver nanoparticles can be 
efficiently synthesized using the active components of lemon juice being 
the optimum conditions 90 ◦C for 30 min. Nanocomposite films were 
obtained by including these AgNP L to starch-based filmogenic sus
pensions, which exhibited a slight orange tone. Films containing 71.5 
ppm AgNP L improved both water vapor barrier properties and me
chanical resistance, maintained their heat-sealing capacity and 
conferred antimicrobial capacity against bacteria indicative of good 
manufacturing practices, which is relevant for food packaging 
applications. 
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