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Abstract

:

Nutrient-rich edible white button mushrooms were coated with Chitosan (1%), Chitosan/nano-silica, and Chitosan/nano-titanium and then stored at 4 °C to investigate the physical, mechanical properties, chemical changes, and microbial load contamination at an interval of 3 days up to a 12 days storage period. It was noticed that Chitosan/nano-titanium and Chitosan/nano-silica preserved the weight loss percentages as 11.80% and 12.69%, respectively. Treatment with Chitosan/nano-silica coating was found to have positive impacts on the overall color parameters. Both of the nano-coating films enhanced headspace gas compositions and firmness. Chitosan/nano-silica samples recorded the least electrolyte leakage value (24.44%), as low oxygen gas concentration can reduce the respiration rate, weight loss, and cap opening. Chitosan/nano-titanium treatment showed the lowest cap opening value (19.58%), PPO activity (16.98 mg−1 protein), and microbial load contamination (6.12 log CFU/g) at the end of the whole storage period, suggesting that nano-films are a promising preservation method for prolonging the white button mushroom’s shelf-life.
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1. Introduction


Agaricus bisporus is a fast-growing fungus that is widely known as the white button mushroom. Button mushrooms are consumed worldwide due to their high nutritional value low carbohydrate and fats with high protein, amino acids, polysaccharides, minerals, multivitamins, (e.g., thiamine, ergosterol, niacin, riboflavin, and ascorbic acid) and phytochemical components (e.g., sterols, polyphenolics, and terpenes) [1]. The unique flavor, taste, texture, and hedonic palatability make it one of the most popular edible mushrooms [2,3]. In addition, its biological activities are very beneficialdue to their resulting nutraceutical and pharmaceutical characteristics [4]. Mushrooms are highly perishable with a short shelf-life due to their high water content, cuticle formation absence, and respiration rate [5]. Open umbrellas, wrinkles, and browning caps are significant factors that limit customer overall acceptability and quality which are caused by the substance phenolic oxidations such as polyphenol oxidase (PPO) activity and which lead to mushroom senescence [6]. A number of postharvest treatments for button mushrooms has been observed for browning reduction and quality preservation such as those with glycine betaine, citric acid, brassinolide, sodium metabisulphite, 4-methoxy cinnamic acid, and hydrogen peroxide [7,8]. Many techniques have been applied to prolong their shelf-life, such as nitric oxide, brassinolide, cinnamaldehyde fumigation, O2 and CO2 (15:050%), and UV-C treatments [9,10]. Meanwhile, various physical methods have been applied such as moisture absorbers, irradiation, light treatments, chilling, and atmospheric packaging control for extending the shelf-life of mushrooms [11,12,13,14]. Wei et al. [15] applied polyethylene, silicon windows, and polyvinyl chloride as effective packaging materials on pine mushroom preservations. Application of Aloe vera gel over the surface of the button mushroom created a barrier to oxygen and carbon dioxide, which in turn delayed browning, softening, microbial load, and weight loss [16]. Jiang et al. [17], applied chitosan with glucose complex on shiitake mushrooms during 16 days of storage which maintained firmness, the respiration rate, and pseudomonads, yeasts, and molds contaminations. Liu et al. [18] applied gallic acid grafted chitosan films, which better maintained the postharvest quality of button mushrooms compared with the commercial polyethylene films. Gholami et al. [19] reported that the best atmosphere packaging for button mushrooms preservation is 15% oxygen and 5% carbon dioxide with the combination of chitosan and nanopackaging films. Nano-films such as silica and titanium dioxides are considered to be safe with low concentrations according to the US Food and Drug Administration (US-FDA) [20].



Limited studies have been reported on the effects of nano-films coating treatments on white button mushrooms during cold storage. The novelty of this study is to apply nanocomposite materials such as nano-silica and titanium with the addition of chitosan to prolong the shelf life of white mushrooms (Agaricus bisporus) by evaluating their physical, mechanical properties, chemical changes, and microbial load contamination.




2. Materials and Methods


2.1. Materials and Sample Treatments


Fresh mushroom samples were purchased from the College of Science, Taif University, Kingdom of Saudi Arabia (KSA). Mushroom samples were selected in uniform sizes of 30 to 40 mm in diameter, with no sign of mechanical damage and microbial infections. Any bruised or diseased mushrooms were discarded and chilled at 4 °C in darkness for determinations. Materials such as chitosan (85% deacetylation), nano-silica, and nano-titanium (15 nm) as well as the other chemicals were purchased from Shanghai, China or from Sigma-Aldrich, St. Louis, MO, USA. The amount of deposited solution was 450 mL, the nozzle size was 20–40 µL, and the pressure was 3–14 kg. The distance between the torch nozzle exit and the external feeding tube was 80 mm while the distance between the torch nozzle exit and substrate was 400 mm [21]. Coating solutions were prepared by dissolving 1% chitosan (85% deacetylation) in 1% acetic acid solution and 0.5% glycerol in deionized water while stirring overnight, during which the acidity was adjusted to 6.0 with sodium hydroxide solution to prepare Chitosan coating treatment. Chitosan/nano-silica and Chitosan/nano-titanium were prepared by dissolving 1% of nano-silica and nano-titanium (15 nm) in chitosan solution, respectively. The coating treatments were applied on mushrooms compared with the control sample, which was coated with deionized water. Whole mushrooms groups were spray-coated with various solutions for 3 min and then allowed to air-dry for another 30 min by using an industrial fan at room temperature with a relative humidity of 80–85%. Mushroom samples were packaged into polyethylene bags and stored at 4 °C for studying physical properties, mechanical properties, chemical changes, and microbial load contamination. Three replicates for each treatment were performed for a storage period of 3 days to 12 days.




2.2. Analyses


2.2.1. Weight Loss, Acidity, and Total Soluble Solids Concentrations


Weight loss (WL) was observed by weighing the samples during the storage period and calculated as a percentage according to Equation (1):


  W e i g h t l o s s  %  =      W 0  −  W t     W t      × 100  



(1)




where W0 is the initial weight, while Wt is the weight at a different time (t = 3, 6, 9, and 12 days). All samples were measured in triplicate [19].



For the acidity (pH) and total soluble solid concentrations (TSS) determination, mushroom samples were homogenized with 15 mL of deionized water and filtered using Whatman® grade 40 ashless filter paper purchased from Sigma-Aldrich, Co., Columbia, USA. The pH and TSS were detected by using a digital pH meter (Basic 20+, Crison Instruments, S.A., Barcelona, Spain) and a digital hand-held “pocket” refractometer (Atago PAL−1, Tokyo, Japan), respectively [22].




2.2.2. Color Investigation Measurements


The surface color was examined by a colorimeter (CR-400 Chroma Meter, Konica Minolta Sensing, Osaka, Japan) during the 12 day storage duration. In this system L*a*b* coordinates were uniform three-dimensional color spaces, as the L* value represents lightness), the a* value is redness, whereas the b* value is yellowness scales compared with a white plate as a standard under the normal light conditions [23,24].



The color difference (ΔE*) and browning index (BI) were detected according to Equations (2) and (3):


ΔE* = [(L*− L0)2 + (a* − a0)2 + (b* − b0)2]0.5



(2)






BI = [(100 (x − 0.31)]/0.172, where x = (a* + 1.75L*)/(5.645L* + a* − 3.012b*)



(3)




where L0, a0, and b0 are the initial color values.




2.2.3. Cap Opening Percentage


The number of open veil caps of the intact button mushroom stage was detected based on the failure of the veil according to Equation (4) [25]:


Cap opening percentage (%) = [(Vt−Vf / Vi) × 100%]



(4)




where Vt =Total mushroom numbers and Vf = Number of the open veil.




2.2.4. Firmness and Electrolyte Leakage Rate


The firmness (F Max) was measured as the first maximum force peak applied by a food textural analyzer (TA-XT2i; Stable Micro Systems Ltd., Godalming, Surrey, UK) using a 4 mm diameter cylindrical probe in compression mode with a distance of 5 mm diameter and a speed of 5 mm/susing a 100 N cell load on 15 replications for each coating treatment. Test Xpert software (v10.11) (ZwickRoell, Kennesaw, GA, USA) was used to perform data analysis [19].



The electrolyte leakage rate of solutions was evaluated by a benchtop laboratory conductivity meter (DDS-307A; Shanghai Boqu Instrument Co., Ltd. Shanghai, China). The mushroom (3 mm thick × 1 mm diameter) was weighed and excised from the top and middle part of the mushroom cap followed by placing it in 40 mL deionized water in a 100 mL glass beaker. The electrical conductivity of solutions (C1) was measured. Consequently, we added 25 mL of deionized water at 100 °C and kept it in the shaker for 2 h at 100 cycles/min [26]. The final record (C2) was measured after cooling. The relative electrolyte leakage rate was detected according to Equation (5):


Electrolyte leakage rate (%) = C1/C2 × 100.



(5)








2.2.5. Headspace Gas Composition and PPO Activity Analysis


The mushroom packages for monitoring of O2 and CO2 gases were measured in triplicate for each coating treatment by the gas meter (Oxybaby 6i, WITT Gasetechnik GmbH, Kopenhagen, Germany). A syringe needle was inserted in a septum on the outer surface of the packages for measuring the interior gases every 3 days (for 12 days) [27]. The differences in-between the totality volume of the packages and that of the mushroom samples were calculated for the headspace volume.



Approximately 0.1 mL of PPO enzyme was blended with 4 mL of 0.1 mol L−1 phosphate buffer (pH 7.0) and 1 mL of 50 mmol L−1 catechol. Sample extracts were prepared by mixing 2 g of shredded mushrooms with 7 mL 0.05 mol/L phosphate buffer solution, adjusting the pH to (5.0), and then centrifuging (Versati TM Micro, MCV-88, Shanghi, China) for 15 min to collect the supernatant [28]. PPO activity was measured at 410 nm and expressed as U mg−1 protein.




2.2.6. Microbial Load Contamination


The total bacterial load was noted at an interval of 3 days up to the total 12 day storage period to detect the antimicrobial effect of the nano-films coating treatments on white button mushrooms. Initial dilutions up to 10−6 were prepared by weighing 25 g mushrooms placed into a sterile stomacher bag for 2 min with 225 mL of sterile peptone water. Aliquants of 0.1 mL from each mushroom dilution were transferred into nutrient agar medium at 30 °C and incubated for 7 days [29]. The colony counts were determined and expressed as log CFU/g.




2.2.7. Statistical Analysis


The significance test (p ≤ 0.05) of nano-films effect on physical properties, mechanical properties, chemical changes, and microbial load contamination of white button mushrooms was done in by the two-way ANOVA for the initial 12 day storage period by using the Statistical Package for Social Sciences (SPSS v9.40, Chicago, IL, USA). The data are expressed as the mean ± SD.






3. Results and Dissection


3.1. Weight Loss (WL), pH, TSS Changes


The weight loss percentage for the storage period and nano-films coating treatments in white button mushroom samples is presented as illustrated in Figure 1a. There was an extraordinary increase during the storage period, especially for the control samples after 12 days. The weight can be reduced at a rapid rate due to several factors such as respiration and water transpiration [30]. It was understood that Chitosan/nano-titanium and Chitosan/nano-silica preserved the weight loss percentages of 11.80% and 12.69%, respectively. Hosseini and Moradinezhad [31] reported similar values on weight loss of button mushroom storage following refrigerated storage and controlling the package atmosphere. Rok et al. [32] established weight loss values by using a chitosan and silicon dioxide nanoparticles coating treatment on blueberry fruits, which capably controlled the weight loss during storage by 3.69% more than the other films.



The pH is essential throughout the storage period due to its effects on stability and the shelf-life indicator [18]. The pH changes of the interactions during storage time with the addition of various coating treatments are shown in Figure 1b. The results showed that the values of pH were different during all storage days, except for the 9th day. The pH changes in control samples were (pH: 6.38) lower than the coated samples. On the other hand, the Chitosan/nano-titanium treatment (pH: 6.48), prevented acidity from being raised until the end of the storage period, followed by Chitosan/nano-silica (pH: 6.52), while the Chitosan coating showed a slight increase in the pH value compared with the control samples. The use of nano-film coating treatments helped in reducing the respiration rate and keeping the mushroom fresh after harvesting [33].



Total soluble solids concentrations are vital indicators of postharvest as after ripening, the TSS increased at the beginning and then declined during the whole storage period in all the coating treatments, indicating higher respiration rates, senescence, and ripening [33]. The results of TSS in coated-treated mushroom during storage are shown in Figure 1c. The reason for the gradual increase of TSS is the presence of water in the mushroom samples [31]. Chitosan (6.22°Brix) and Chitosan/nano-silica mushrooms showed the highest results (5.74°Brix) for TSS compared to the previous report [11].




3.2. Colour Parameters Changes


Mushrooms have a short shelf-life due to quality loss expressed by the color changing from white to brown within a short time, as the main considerable parameter for consumer agreement is the color [15].The color parameter changes of white button mushrooms during storage at 4 °C for 12 days are shown in Table 1. During storage, the L* value of Chitosan and Chitosan/nano-titanium (12.81–13.45) decreased compared with the other mushroom samples. Eissa [34] reported that the lightness decrease was caused by the water–binding capacity due to the coating, which increased the transparency and reduced the mushroom lightness. The higher a* value is an indicator of the enzymatic browning increase during the storage period. This effect was also detected from the increase in the b* value for the control samples from 12.44 at zero days to 24.56 after the 12 days of storage.



Browning is the major postharvest factor which affects the consumer acceptance of mushroom bodies [35]. For that reason, the color difference (ΔE*) and browning index (BI) measurement are crucial for improving potential new preservation strategies. Some positive effects of Chitosan/nano-silica coating treatment were noticed on the overall color parameters of (ΔE*) and (BI) (Figure 2a,b), respectively. Indeed, the presence of nano-silica coating film led to a decrease in ΔE* and BI compared with the other treatments. Referring to the control samples, an increase in ΔE* (42.44), a decrease in L* value (19.82), and an increase in BI (363.83) were detected during the 12 days of storage. The modified atmosphere packages may have also managed the browning index and other parameters such as cell membrane and physiological injuries [36].




3.3. Cap Opening, Firmness, and Electrolyte Leakage Rate


The cap opening percentage is an index of mushroom ageing and water loss during storage [27]. As shown in Figure 3a, control and Chitosan samples established increases in cap openings (76.42% and 46.80%), while the Chitosan/nano-titanium treatment showed the lowest value (19.58%) by the 12th day of the storage period. This finding of the research work is in line with that of Oz et al. [27], who studied the postharvest quality and shelf life of mushrooms under the chilling condition. Previous reports in [15,36] were in agreement with the current findings, as low O2 high CO2 concentrations can positively affect the reduction of cap opening and prevent the ripening process.



Firmness is an important index reflecting the mushroom qualities, as a soft and spongy texture is an indicator for the ageing of mushrooms during the storage period [37]. The effect of various coating treatments on mushroom firmness is presented in Figure 3b. The mushroom firmness values gradually reduced in control and chitosan during the storage period. The firmness reduction was influenced by several reasons such as polysaccharide and protein degradation, central vacuole disruption, and hyphae shrinkage of the microbial and biochemical processes [38]. Noticeably, Chitosan/nano-titanium and Chitosan/nano-silica mushroom samples had significantly (p ≤ 0.05) firmer skin (10.38–10.69 N)after 12 days of storage, respectively. As a result, nano-films can preserve mushrooms from senescence. Lin et al. [36] reported that mushrooms packaged with the combination of chitosan and silver films showed higher firmness than those packaged with commercial ones. Gholami et al. [33] reported similar firmness values using nanocomposite materials on mushroom samples.



Cell membrane permeability stability was detected by using the relative electrolyte leakage as a percentage which increases with the storage period, as seen in Figure 3c. There was a significant difference (p ≤ 0.05) between treated and untreated mushroom samples. Chitosan/nano-silica samples (24.44%) recorded the least electrolyte leakage value as low oxygen gas concentration can reduce respiration rate, weight loss, and cap opening [39]. Untreated mushrooms showed the highest electrolyte leakage rate (34.01%). A previously published report [7] had mentioned that the lower membrane integrity value was straight forwardly associated with the mushroom lipid peroxidation activities and browning.




3.4. Changes in Headspace Gas Compositions and PPO Activity


As shown in Figure 4a,b, it was noticed that the O2 decreased and CO2 increased in all the treatments during the whole storage period. The results of headspace gas compositions were in agreement with the previous reports on mushroom samples [19,33]. In this research work, all of the mushroom samples coated with chitosan only depleted with O2, which was achieved during 0 to 6 days of storage (21.02%–10.08%), then a slight production of O2occurred afterwards (5.58%) on day 12, while CO2 concentration (5.58%) was similar to the control at the end of the storage period. Control samples established the highest rate for O2 concentration, which indicated that the increased surface area can lead to a higher respiration rate compared with coating treatments. The CO2 concentration around mushroom samples in Chitosan/nano-titanium coating treatment undoubtedly increased (9.43%) followed by Chitosan/nano-silica (7.30%) on the third day due to the respiration process. Ban et al. [40] achieved the same results for gas composition, asthe CO2 concentration can be raised sharply after a few hours of post-harvest. The rates of CO2 production and O2 depletion provided by Chitosan/nano-silica samples were better than these gases through Chitosan/nano-titanium and Chitosan treatments at the end of the storage time. Cliffe–Byrnes and O’Beirne, [41] reported that the O2 level should not be lower than 2% to avoid anaerobic respiration, which can cause tissue breakdown and off-flavors. As a result of this, nano-coating films achieved positive effects on headspace gas compositions.



As seen in Figure 4c, PPO activity is responsible for the enzymatic browning during the storage period. Control mushroom samples significantly (p ≤ 0.05) progressively increased (44.38 mg−1 protein) compared with coated samples. At the end of the storage period, Chitosan/nano-titanium samples were the lowest values (16.98 mg−1 protein) compared with Chitosan/nano-silica mushrooms (24.31 mg−1 protein). Parallel research works suggested that coating can reduce the contact in-between the PPO enzyme and its substrates due to the phenolic oxidation caused by polyphenol oxidase activity [15,22].




3.5. Microbial Load Contamination


Difference results for the microbial load contamination of coated mushrooms during storage are presented in Figure 5. It was observed that the microbial load was found to be higher for untreated mushrooms compared to coated white button mushroom samples by various coating treatments in the range of ~6 log CFU/g. However, the microbial load contamination of coated mushrooms was significantly (p ≤ 0.05) high, as mushrooms belong to the funzilla group that is extremely sensitive to microbial contamination attack after harvesting. It was observed that Chitosan/nano-titanium coating treatment significantly (p ≤ 0.05) had the best effect on the microbial load contamination (6.12 log CFU/g), followed by Chitosan/nano-silica (6.16 log CFU/g). This might be due to the nano-films coating effect which inhibited the microbial contamination on mushroom samples. Chitosan alone reported a slightlyhigher value than for nano-materials treatments (6.17 log CFU/g) as shown by the results in the previous study byKarimirad et al. [22], who reported similar results for the microbial load contamination by using Chitosan nanoparticles on Agaricus bisporus shelf life.





4. Conclusions


A postharvest application of the nano-films effect on physical properties, mechanical properties, chemical changes, and microbial load contamination of white button mushrooms during storage was effective in delaying senescence. Chitosan/nano-coatings are eco-friendly and efficiently reduced the weight loss, cell membrane damage, inhibited browning, and extended the shelf-life of white button mushrooms bodies. While chitosan alone or along with nano-materialswere found to effective for many of the quality indexes that were considered, the same could not be affirmed for the microbial growth. Extra studies are required for nanotechnology applications to improve mushroom quality for the bio-processing preservation industry.
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Figure 1. Effects of nano-films on Weight loss (WL) (a), acidity (pH) (b), and total soluble solid concentrations (TSS) (c) for white button mushrooms during storage at 4 °C for 12 days. Data are mean ± SD, n = 3. 
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Figure 2. Effects of nano-films on ΔE * (a) and BI (b) for white button mushrooms during storage at 4 °C for 12 days. Data are mean ± SD, n = 3; a mean significant differences between treatments at p ≤ 0.05. 
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Figure 3. Effects of nano-films on cap opening (a), F Max (b), and electrolyte leakage rate (c) for white button mushrooms during storage at 4 °C for 12 days. Data are mean ± SD, n = 3. 
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Figure 4. Effects of nano-films on headspace gas as compositions O2 concentrations (a), CO2 concentrations (b), and PPO activity (c) for white button mushrooms during storage at 4 °C for 12 days. Data are mean ± SD, n = 3. 
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Figure 5. Effects of nano-films on microbial load contamination for white button mushrooms during storage at 4 °C for 12 days; Data are mean ± SD, n = 3; (a–d) mean significant differences between treatments at p ≤ 0.05. 
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Table 1. The values L *, a *, and b * from white button mushrooms treated with the control, Chitosan, Chitosan/nano-silica, and Chitosan/nano-titanium stored at 4 °C for 12 days.
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Storage (Days)

	
Control

	
Chitosan

	
Chitosan/Nano-Silica

	
Chitosan/Nano-Titanium






	
L *

	
0

	
60.35 ± 0.22 a

	
53.66 ± 0.87 c

	
38.89 ± 0.42 d

	
56.79 ± 0.32 b




	
3

	
52.92 ± 1.48 a

	
39.26 ± 0.44 c

	
28.53 ± 0.75 d

	
46.64 ± 0.95 b




	
6

	
26.59 ± 0.90 b

	
25.70 ± 1.12 b

	
28.46 ± 0.70 a

	
25.45 ± 0.63 b




	
9

	
24.60 ± 0.28 b

	
23.07 ± 0.35 c

	
26.18 ± 0.60 a

	
24.80 ± 0.26 b




	
12

	
19.82 ± 0.73 b

	
12.81 ± 0.57 c

	
22.84 ± 0.17 a

	
13.45 ± 0.15 c




	
a *

	
0

	
5.78 ± 0.25 a

	
5.95 ± 0.23 a

	
6.29 ± 0.59 a

	
6.24 ± 0.85 a




	
3

	
6.91 ± 0.20 a,b

	
7.64 ± 0.65 a

	
6.47 ± 0.57 b

	
6.53 ± 0.14 b




	
6

	
8.58 ± 0.90 a

	
7.77 ± 0.38 a,b

	
8.66 ± 0.17 a

	
7.07 ± 0.18 b




	
9

	
8.37 ± 0.84 a

	
8.56 ± 0.93 a

	
8.56 ± 0.38 a

	
8.25 ± 0.28 a




	
12

	
9.12 ± 0.34 b,c

	
9.71 ± 0.65 b

	
11.44 ± 0.08 b

	
8.40 ± 0.30 c




	
b *

	
0

	
12.44 ± 0.42 a

	
9.55 ± 0.35 c

	
10.97 ± 0.21 b

	
11.08 ± 0.16 b




	
3

	
15.75 ± 0.93 a

	
14.06 ± 0.24 b

	
13.02 ± 0.12 c

	
12.08 ± 0.37 c




	
6

	
16.31 ± 0.16 a

	
14.34 ± 0.33 b

	
14.68 ± 0.59 b

	
14.80 ± 0.31 b




	
9

	
17.53 ± 0.54 b

	
18.09 ± 0.47 b

	
18.27 ± 0.34 b

	
20.14 ± 0.54 a




	
12

	
24.56 ± 0.25 a

	
20.57 ± 0.31 c

	
18.29 ± 0.10 d

	
21.46 ± 0.17 b








* Different small letters within the same line; a,b,c,d mean significant differences between treatments at p ≤ 0.05. Data are presented as means ± standard deviation.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
12

EEEEE Chitosan/nano-silica
Chitosan/nano-titanium

258 Chitosan
A\

W Control

- ~ o

(6/n40 6o7)
UOJjeu|uieILO0d peo) [e|qoIdJAl

Storage period (Days)





media/file4.png
............................................ H N
0 R R BRI rerateters! -
o
©
@© -
L
—
0
o O
c -
T
£ c ™
55
©° w u
S 0 O
cEe 8t
O £ C I
C C C P Peaas:
W 3333 &
T T T T 1
o o o o o
o o o o
0 © < N

2722

¢ e,
[1 B setets %ot etotetoteete e tete et o e 0 e e e totetetote e e o te e tote et o e e to

12

Totetetetetetete! Petete

©
..v"oo»o.o»o»o»ouovo»o»o»o»o»o»o»o»o»orovo.o»o»o»o»o»o'o>o»0>o>0>o.mm ©
7 “rAlihnnae
D 3
o 9
§8 o - 7
£ 4 -
c m © oo.o.oo0&..00..0.0.».»0»0»0»0»0»0/”
588 ET NN
S 0 0O
c = = ¢
O £ C <
O 0 O0C
N HH 7
Uil
D i 7
1 I 1 I 1 1
o o o o o o
n < ™ N -

Storage period (Days)

Storage period (Days)

(b)

(a)





nav.xhtml


  coatings-11-00044


  
    		
      coatings-11-00044
    


  




  





media/file11.png
25 -

204

—&— Control

@ Chitosan

- A  Chitosan/nano-silica
+  Chitosan/nano-titaniur

A & A

4 6 8 10 12
Storage period (Days)

(a)

CO, (%)

L

25 4 —&— Control
® Chitosan
A Chitosan/nano-silica
20 % Chitosan/nano-titaniun
Kk
151 i
10 *
A
5- 8 -
g
0 - T T T T T T
0 2 4 6 8 10 12
Storage period (Days)

(b)





media/file6.jpg
Electrolyte leakage rate (%)

35

= Control .
@ Chitosan
A Chitosan/nano-silica
*  Chitosan/nano-titanium
304
L]
L)
*
254
L . .
" *
4
.
H i
20 T T T T
0 3 6 9 12
Storage period (Days)

(c)






media/file2.png
WL (%)

—&— Control - —&— Control
30- @ Chitosan e 7.04{ @ Chitosan
A Chitosan/nano-silica e - A Chitosan/nano-silica
- % Chitosan/nano-titanium i’/ -4 - Chitosan/nano-titanium

20 - =

-
10 - '

A
e
0= T T T T T T T T
0 3 6 9 12 0 3 6 9 12
Storage period (Days) Storage period (Days)
(a) (b)
—i— Control
8 @  Chitosan
A Chitosan/nano-silica
- - Chitosan/nano-titanium

-: //

TP S N -\

oL . 4 ol

3 .
1 1 | 1
0 3 6 9 12

Storage period (Days)

(c)






media/file10.jpg
PPO activity (U mg” protein)

40

30

20

10

—&— Control "
@ Chitosan
A Chitosan/nano-silica
- Chitosan/nano-titanium
.
.
- a
. " F ]
i *
+ * :
& *
3 6 9 12

Storage period (Days)

(c)






media/file5.jpg
5 e

Cap opening (%)
3

= orTEs
T e =
S e
H
-l s
i
g ¢ s
* ]
“ )
I S S ER S S
strageperod s _—
@ ®






media/file7.png
Cap opening (%)

80

—— Control
---@®-- Chitosan
A Chitosan/nano-silica

604 * Chitosan/nano-titanium
e
40 -
A
20 - k
0 | | | |
0 3 6 9 12

Storage period (Days)

(a)

F Max (N)

12 -

10 -

—— Control

~--@® - Chitosan
A Chitosan/nano-silica
-~ -~ Chitosan/nano-titanium % """" :

L;(»HN

Storage period (Days)

(b)






media/file3.jpg
o 3 e s mu
Storage perod (Days)

(b)






media/file1.jpg
o . Conit
e e
Fonn . S
Lo Sighmma
=5 . H
: P T s
. £ "
* i o s
. & . &
rh ]
s s g e o
(@) (b)
o
T
e
pormeras
1 3 A
H -
i EG
PR i

Storage period (Days)
(©)






media/file12.png
PPO activity (U mg” protein)

—— Control )
---@-- Chitosan
40 A Chitosan/nano-silica
-~ % - Chitosan/nano-titanium
,“":’I
30 -
A A L
20 - . e
e o
B *
',. .............. i--
10 T T T T
0 3 6 9 12

Storage period (Days)

()






media/file9.jpg
0, (%)

H

e
o Chosan
4 Crosannanosica

i & 8 1 1w
Storage period (Oays)

@)






media/file0.png





media/file14.png
V7277 Control

g Chitosan/nano-silica

g Chitosan
NN

Chitosan/nano-titanium

S S S
S

I S N N N N M S R W)
b B O K R X R K K]

O Y

7

w Hig B

ol
2 ooow’ooovw%o00.900oo’v%oo0.0&0.09&0.09”“.

o
O HENIEEIITI

Wl I,

L B v WA e e e e
o HOH PP P e ]
R A O AR

- g
O P e

O RN

< ™~N o

(6/n40 6o)

uojjeujwejuod peoj [e|qooln

Storage period (Days)





media/file8.png
Electrolyte leakage rate (%)

—#— Control
@ Chitosan
A Chitosan/nano-silica
-~ % Chitosan/nano-titanium

30 -
o
ok
25 4 p :
e 'S
A i
6 9

Storage period (Days)

(c)






