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Abstract

To improve the preservation of strawberries during storage, an edible coating was prepared 
using a layer-by-layer self-assembly electrostatic deposition technology. Sodium polyacrylate 
(PAAS) was used as polyanion solution, and chitosan (CS) was used as polycation solution. 
The obtained coating was characterised to determine its self-repairing ability and its effect on 
the preservation of strawberries. The results showed that CS (9 mg/mL) and PAAS (5 mg/mL) 
could assemble, by hydrogen and ionic bonding, to form a new coating with no obvious pores 
and had a tight cross-sectional structure. The PAAS/CS self-assembled coating displayed high 
water resistance (water vapor transmission rate, 31.22 × 10-11 g• m/m2•s•Pa•), transparency 
(light transmittance, 87.5%), and excellent mechanical properties (tensile strength, 17.31 
MPa; elongation at break, 13.72%). The self-repairing ability of the PAAS/CS coating upon 
scratching was manifested by the repair of the coating's morphology (repair rate, 81.05%), and 
the restoration of its mechanical properties. When compared with uncoated strawberries, 
PAAS/CS coating significantly reduced the weight loss rate, the rot rate during storage (p < 
0.05), and the loss of anthocyanin and vitamin C. In conclusion, the PAAS/CS coating greatly 
improved the fresh-keeping of strawberries.
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Introduction

 With the increasing variety and application 
range of edible coatings, many studies have shown that 
these coatings can effectively regulate the exchange of 
moisture, gas, and organic volatile substances between 
fruits and their external environment (Nottagh et al., 
2018). This has greatly extended the preservation time 
of fruits (Xu et al., 2001; Sun et al., 2010). For example, 
Marelli et al. (2016) dip-coated a silk fibroin solution 
on the surface of strawberries, and found that the 
respiration and weight loss rate were significantly 
decreased (p < 0.05), which extended their shelf life. 
However, with the increasing requirements for food 
preservation in the consumer market, the development 
of multifunctional composite coatings has become a 
hot research topic (Nottagh et al., 2019; Fasihnia et al., 
2018a). González Sandoval et al. (2019) formulated 
edible films using organic mucilage from Opuntia 
ficus-indica and pectin. Fasihnia et al. (2018b) 
developed PP based antimicrobial packaging films 
containing sorbic acid for food applications. The type 
of functional packaging and coating can significantly 
improve the preservation of fruits and vegetables 
(Sakooei-Vayghan et al., 2019).
 The layer-by-layer self-assembly is a 
technique using different polyelectrolytes, by taking 

advantage of the electrostatic attraction between 
oppositely charged molecules (Yang et al., 2017). The 
self-assembly process can be achieved by electrostatic 
forces, hydrogen bonds, Van Der Waals forces, and 
other between differently charged molecules, and there 
are no new covalent bonds generated (Jiang et al., 2016; 
Zhao et al., 2019). Therefore, the thickness and 
distribution uniformity of the coating can be adjusted 
by varying several parameters, including the 
concentration of the polyelectrolyte solution, the 
number of assembly time, the ion concentration, and 
the pH value. These characteristics can be used to 
prepare a multi-functional coating with controllable 
water-blocking, gas barrier, and antibacterial and 
antioxidant properties (Ugur et al., 2016; Li et al., 
2018). In addition, functional coatings formed by 
self-assembly of reversible and weak intermolecular 
non-covalent bonds also have the ability to self-repair 
after local damage (Wang et al., 2017). This function 
can restore its original toughness, tensile strength, 
surface smoothness, and other properties; and has 
become a hot topic in academic research both in China 
and abroad (Hou et al., 2016; Pinto et al., 2017). Edible 
self-repairing coatings can be divided into spontaneous 
and non-spontaneous repairing coatings based on their 
self-repairing process. Spontaneous repairs are 
achieved through the interaction of molecules intrinsic 
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to the coating, while non-spontaneous repairs require 
interventions including light, heat, pH changes, and 
etc. (Zhao et al., 2016; Kumarasamy et al., 2018). In 
addition, according to the self-repairing mechanism 
of the coating, it can be achieved by non-covalent bond 
forces such as intermolecular hydrogen bonds, and 
multiple repairs can be achieved as well (Wang and 
Zhou, 2018).
 Sodium polyacrylate (PAAS) is a common 
anionic polyelectrolyte with strong thickening ability 
and excellent water retention. An aqueous solution of 
PAAS is extremely stable, odourless, tasteless, 
long-lasting, easy to store, and harmless to the human 
body. It is a food additive approved by the FDA and 
the Chinese Ministry of Health for use in pasta, 
processed foods, and frozen foods (Kim et al., 2017). 
The carboxylic groups in PAAS contribute a large 
negative charge in the molecular chain, thus turning 
its aqueous solution into a fully ionised anionic 
polyelectrolyte; allowing the binding of a large number 
of cations through electrostatic attraction (Falk et al., 
2001). CS is a typical positively charged polymer 
material. Under acidic conditions, -NH2 in chitosan 
can be converted to -NH3+, which can form self-assem-
bled coatings with anionic polyelectrolytes (Helander 
et al., 2001). For example, Abugoch et al. (2015) 
prepared an edible coating using the electrostatic 
attraction between CS and quinoa protein, which 
delayed the maturation process of blueberries. Arnon 
et al. (2015) formed edible coatings on the surface of 
oranges using layer-by-layer self-assembly of 
carboxymethyl cellulose (CMC) and CS, and showed 
that the CMC/CS coating effectively improved the 
preservation of the oranges. In the present work, we 
used PAAS as a polyanion solution and CS as a 
polycation solution to prepare an edible preservation 
coating using layer-by-layer self-assembly electrostat-
ic deposition technology, and then characterised and 
analysed its structure, mechanical properties, and 
self-repairing ability. Moreover, we also studied the 
effect of PAAS/CS coating on the preservation time 
of strawberries.

Materials and methods

Materials
 Strawberries were collected in JuRong, 
JiangSu province, China. The fruits (weight 20 ± 2 g) 
were of uniform maturity (80% matured) without 
mechanical damage, and free of pests and diseases. 
Following post-cold treatment, the strawberries were 
immediately transported to the laboratory. PAAS 
(food grade) was purchased from Zhengzhou Xuequan 
Electronics Co., Ltd.; CS and CaCl2 were purchased 

from Sinopharm Chemical Reagent Co., Ltd.; 
Staphylococcus aureus CMCC (B) 26003, Escherichia 
coli ATCC 25922), Salmonella Typhimurium ATCC 
14028, and Listeria monocytogenes ATCC 19111 were 
purchased from Guangdong Huankai Microbiology 
Technology Co., Ltd. Other reagents were analytically 
pure, and purchased from Sigma or Sinopharm 
Chemical Reagent Co., Ltd.

Methods
Preparation of the coating
 To prepare the polycationic solution, CS 
powder was mixed with 98 mL distilled water and 2 
mL CH3COOH (1%, w/w) at 55°C for 6 h using a 
magnetic stirrer at 300 rpm. Then, CaCl2 (30%, 4 
mg/mL) was added to the CS solution, stirred evenly 
with a glass rod, and allowed to stand for 30 min. In 
addition, PAAS at various concentrations was 
prepared as a polyanionic solution. A glass slide was 
lowered into the polyanionic solution for 5 min, after 
which the excess electrolyte molecules on the surface 
were washed with distilled water. Subsequently, this 
glass slide was immersed in the polycationic solution 
for 5 min. The polyanionic and polycationic solution 
were adsorbed and assembled by electrostatic 
interaction, and a combination of polyanionic and 
polycationic electrolyte was formed on the slide, that 
is, one layer of PAAS/CS coating. Multiple coatings 
were obtained by repeating the above steps, and three 
layers of coatings were prepared in the present work 
(Ugur et al., 2016). The prepared coating was dried at 
60°C for 12 h in an oven, and then placed at 23°C with 
50% relative humidity.

Effect of different CS or PAAS concentrations on the 
properties of the PAAS/CS coating
 To study the effect of varying the CS 
concentration on the properties of the PAAS/CS 
coating, different PAAS/CS coatings were prepared 
by keeping the PAAS concentration fixed at 5 mg/mL, 
and varying CS concentrations at 6, 7, 8, 9, and 10 
mg/mL. To study the effect of varying the PAAS 
concentration on PAAS/CS coating, different 
PAAS/CS coatings were prepared by keeping the CS 
concentration fixed at 9 mg/mL, and varying the PAAS 
concentrations at 3, 4, 5, 6, and 7 mg/mL. We then 
assessed the gas permeability (O2 and CO2), water 
vapor permeability (WVP), water solubility (WS), and 
light transmittance of the different PAAS/CS coatings.

Structural characterisation of PAAS/CS coatings
 To characterise the microstructure of film 
surface, small strips (5 × 5 mm) of the PAAS/CS films 
were mounted on aluminium stubs, coated with a thin 
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layer of gold, and observed using a Scanning Electron 
Microscope (Philips: XL30, model: KYKY-EM3200, 
China), at an accelerating voltage of 25 kV (Falk et 
al., 2001).
 To analyse the PAAS/CS films by Fourier 
transform infrared (FTIR) spectroscopy, 2 mg of the 
sample were ground, and compressed with 200 mg 
KBr. The FTIR spectrum was obtained at 20°C, at the 
range of 500 - 4000 cm−1 using an FTIR-430 (Jascow, 
Japan) (Helander et al., 2001).

Performance characterisation of PAAS/CS coating 
 To determine the mechanical properties of 
PAAS/CS coatings, film specimens were cut into 
rectangular shapes of 2.5 × 5 cm. The tensile strength 
(TS) and elongation at break (E) of the films were 
determined using an Instron Universal Testing 
Machine (Model 5566, Instron Engineering 
Corporation, Canton, MA) with 50 N load cell 
following the ASTM-D882-02 standard method 
(ASTM, 2002). The initial gauge separation and the 
crosshead speed were set at 50 mm and 5 mm/min, 
respectively. TS characterised the mechanical strength 
of the coating, and E was the maximum strain value 
at which the coating was broken, which characterised 
the elasticity of the coating. 
 To determine the antimicrobial effect of the 
films, four pathogenic bacteria (Sta. aureus, E. coli, 
Sal. Typhimurium, and L. monocytogenes) were 
inoculated onto nutrient broth medium, cultured in a 
constant temperature shaker at 37°C for 24 h, and then 
collected by centrifugation at 7,000 rpm and 4°C for 
7 min. The bacteria were resuspended with normal 
saline, and diluted to a concentration of 105~106 
CFU/mL. Then a UV-sterilised PAAS/CS coating (1 
g) was added to 1 mL of the above-mentioned bacterial 
cultures, and cultured at 37°C for 12 h. The solutions 
without PAAS/CS coating served as control. The 
bactericidal effect of the PAAS/CS coating was 
determined by plate counting using Eq. 1

Sterilization rate = M1/M0 × 100%                (Eq. 1)

where, M1 = number of colonies after treatment with 
PAAS/CS (CFU/g), and M0 = number of colonies 
before treatment (CFU/g) with PAAS/CS.

Self-repairing ability of the PAAS/CS coating
 A clean surgical blade was used to scratch the 
shape of “×” penetrating the coating. Next, the “×” 
was covered with ultra-pure water using a syringe. 
Then, the healing process of the scratched coating was 
observed. After 30 min, the healing state of the coating 
was recorded to evaluate the self-repairing ability of 

the coating (Wang and Zhou, 2018).
 Three pieces of PAAS/CS coatings were 
prepared. One coating was stained with Rhodamine B 
for 10 min. After staining, the coating was dried in an 
oven at 60°C, and completely removed from the slide 
by a utility knife. The ends of the coatings of different 
colours overlapped (by about 1 cm) so that the two 
coatings were in contact with each other. The 
overlapping portions were lightlypressed , and 
ultrapure water was added, and the coatings were 
allowed to merge at room temperature for 30 min. The 
self-repairing ability of the two coatings was 
investigated by separately measuring their mechanical 
properties. The ratio of the tensile strength before and 
after the repairing of the coating was taken as the 
repairing rate of the coating (Wang and Zhou, 2018).

Effect of PAAS/CS coating on the fresh-keeping of 
strawberries
 In order to remove residual pesticides, dust, 
and other debris from the surface of the strawberries, 
the surface of the strawberries was washed with 
water. After being placed at 25 ± 2°C for 30 min, the 
preservation coating was applied as follows:

i) The pre-treated strawberries were randomly 
divided into two groups. The experimental 
group was treated with PAAS/CS coatings, 
and the control group was not treated.

ii) The strawberries of the experimental group 
were first immersed in a PAAS solution (5 
mg/mL) for 5 min, and air-dried at 25 ± 2°C 
for 10 min. Then, the strawberries were 
completely immersed in a CS solution (9 
mg/mL) for 5 min, and then air-dried at 25 ± 
2°C for 10 min. A layer of PAAS/CS coating 
was formed on the surface of the strawberry 
upon completion of this step.

iii) Step (ii) was repeated twice to form a total of 
three layers of PAAS/CS coating on the 
surface of the strawberries.

iv) The uncoated control group and the 
PAAS/CS-coated strawberries were stored 
in a constant temperature and humidity 
equipment at 25°C and 60% RH. Then the 
weight loss rate, rot rate, and changes in 
vitamin C and anthocyanin contents of the 
strawberries were measured after 0, 1, 3, 5, 
and 7 days.

Test methods
 The water vapour permeability (WVP) was 
determined using a modification of the ASTM E96 
(ASTM, 1995). The gravimetric method was used to 
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determine the relative humidity (RH) at the film 
underside. One sample without defects was cut from 
each PAAS/CS coating. Samples were conditioned 
for 48 h in a chamber at 25°C and 50% RH before 
being analysed. Distilled water (6 mL) was dispensed 
into cups with wide rims. The rim of each cup was 
coated with silicon sealant. The PAAS/CS coating 
was sealed to the base of the cup with a ring using a 
rubber band. The cups were placed at 25°C and 50% 
RH in a desiccator. The weight of the cups was 
measured at 1 h intervals for 9 h. Simple linear 
regression was used to estimate the slope (G) of 
weight loss vs. time. Eq. 2 was used to calculate the 
WVP.

             (Eq. 2)

where, x = film thickness (mm), A = area of exposed 
PAAS/CS coating (m2), ∆p = difference in partial 
WVP (kPa) between the two sides of the coating.
 The water solubility (WS) was determined as 
follows: PAAS/CS coatings were cut into pieces of 2 
× 2 cm, dried in an oven at 105°C for 2 h, and the 
weight accurately recorded as M1. The coating was 
placed in a beaker containing 30 mL of distilled 
water, and slightly shaken for 24 h. Then the coating 
was dried in an oven at 105°C for 2 h, and its weight 
recorded as M2 (Hoque et al., 2011). The WS was 
calculated using Eq. 3:

             (Eq. 3)

 
 Oxygen and carbon dioxide permeability 
measurements were carried out with a Labthink 
VAC-V2 following the differential-pressure method 
described by GB/T 1038-2000 (China Quality and 
Technical Supervision, 2000). Samples (in the shape 
of a circle, 97 mm diameter) without defects were cut 
from each PAAS/CS coating. Samples were 
conditioned for 48 h in a chamber at 25°C and 50% 
RH before being analysed. A temperature of 25°C 
and RH of 50% were selected as experimental 
conditions, while the ambient temperature of the test 
centre was 23.3°C, and the RH was 49%. Each 
pre-treated sample was placed between the upper and 
lower test chambers, and clamped. First, a vacuum 
was applied to the lower chamber, and then a vacuum 
was applied to the whole system (to below 27 Pa). 
Next, the upper testing chamber (higher pressure 
chamber) was filled with the testing gas at a specific 
and constant pressure differential between upper and 
lower testing chambers. Due to the pressure 

differentials, the testing gas penetrated from the 
higher pressure chamber into the lower pressure 
chamber. Pressure differentials (∆p) of the lower 
pressure chamber were recorded, and the testing time 
(t) was taken until the pressure differential remained 
constant in the same time intervals due to a constant 
permeation of the testing gas. The pressure 
differentials of three successive time intervals were 
selected to calculate the arithmetic mean (∆p/∆t). Eq. 
4 was used to calculate gas transmission (Qg): 

             (Eq. 4)

where, Qg = gas transmission (cm3/m2•d•Pa); ∆p/∆t 
= arithmetic mean of the pressure differentials of the 
lower pressure chamber in unit time, when the testing 
gas is stably permeated (Pa/s); V = volume of the 
lower pressure chamber (cm3); S = area of the sample 
(m2); T = testing temperature (K); p1-p2 = pressure 
differential between the upper and lower testing 
chambers (Pa); T0 = temperature in its standard state 
(273.15 K); and p0 = pressure in its standard state 
(1.0133 × 105 Pa).
 The weight loss rate of the sample during 
storage was calculated using Eq. 5 (Arifin et al., 
2013):

             (Eq. 5)

where, M1 = initial mass, and M2 = mass after storage. 

Fruit decay was calculated using Eq. 6 (Widiastuti et 
al., 2013)

             (Eq. 6)

 Anthocyanin and vitamin C contents were 
determined as follows: a sample of whole 
strawberries (approximately 25 g) was homogenised 
in 10 volumes of a cold solution of 3% (w/v) 
metaphosphoric acid and 8% glacial acetic acid (v/v) 
in water (pH 1.5) for 1 min, using a Waring Blender. 
A uniform suspension of the homogenate was stored 
at -70°C for anthocyanin and vitamin C analyses 
(Buchweitz et al., 2013).
 Anthocyanin was extracted and isolated as 
previously described (Buchweitz et al., 2013) with a 
simple modification, i.e., using 10 mL of a sample 
and 20 mL of 30% (by volume) aqueous ethanol. The 
mixture was extracted for 30 min at 70°C in an  
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ultrasonic bath, filtered through Whatman No. 4 filter 
paper (Whatman International Ltd., Kent, UK) using 
a funnel into a volumetric flask. The filtrate 
wasadjusted to 50 mL in a volumetric flask with 30% 
aqueous ethanol.
 The total anthocyanin content (TAC) was 
determined by the pH-differential method (Lee et al., 
2005). Briefly, 1 mL extracted solution was 
transferred into a 10 mL volumetric flask for 
preparing two dilutions of the sample; one, the 
volume was adjusted with potassium chloride buffer, 
pH 1.0, and the other one with sodium acetate buffer, 
pH 4.5. The dilutions were equilibrated for 15 min. 
The absorbance of each dilution was measured at 518 
and 700 nm, against a blank cell filled with distilled 
water. The absorbance of the diluted sample (ΔA) 
was calculated using Eq. 7:

             (Eq. 7)

The monomeric anthocyanin pigment concentration 
in the original sample was calculated using Eq. 8, and 
was converted to mg of total anthocyanin 
content/100 g sample: 

             (Eq. 8)

where, MW = molecular weight, DF = dilution 
factor, and ɛ = molar absorptivity. The pigment 
content was calculated as cyanidin-3-glucoside, 
where MW = 449.2 and ε= 26,900.
 The vitamin C content of the strawberries 
was analysed by HPLC (Odriozola et al., 2008). A 
sample of strawberry homogenate (25 g) was mixed 
with 25 mL of a solution containing 45 g of 
metaphosphoric acid and 7.2 g of DL-1,4-dithiothrei-
tol per litre. The mixture was centrifuged at 12,000 
rpm for 15 min at 4°C. The supernatant was passed 
through a Millipore membrane (0.45 µm). An aliquot 
of 20 µL was injected into the HPLC system using a 
reverse-phase C18 Spherisorb® ODS2 (5 µm) 
stainless-steel column (4.6 mm × 250 cm). The 
mobile phase was a 0.01% solution of sulphuric acid 
adjusted to pH 2.6. The flow rate was fixed at 1.0 
mL/min at 20°C. Detection was performed at 245 
nm. The results were expressed as milligrams of 
vitamin C per 100 g of strawberries.

Statistical analysis
 All experiments were performed in 

triplicates unless otherwise stated. The means and 
standard deviations (SD) were calculated using 
Microsoft Excel software. LSD (Least Significant 
Difference) method was used to compare the 
differences among means at the level of 0.05 using 
the SAS 9.2 software (X ± SDV, n = 3).

Results and discussion

Effect of polyelectrolyte concentration on the barrier 
property of PAAS/CS coatings
Effect of PAAS concentration on the barrier property 
of PAAS/CS coatings
 Figure 1(a) and 1(b) show the barrier 
property of PAAS/CS coating samples produced 
with different concentrations of PAAS. With the 
increase in PAAS concentration, WS and WVP of the 
coating significantly decreased (p < 0.05), which 
indicated that the water resistance of the coating 
continuously improved (Figure 1(a)). In addition, 
when the amount of PAAS was 5~7 mg/mL, WS of 
the coating did not significantly change any further 
with the increase in PAAS concentration (p > 0.05). 
When the amount of PAAS was 3~5 mg/mL, the gas 
permeability significantly decreased (p < 0.05) as 
compared to control. However, as the concentration 
of PAAS increased further, the oxygen and carbon 
dioxide permeability started to increase, which meant 
that the gas permeability of the coating gradually 
increased. This result indicated that an excessive 
polyanion concentration is not conducive to the 
barrier property of the PAAS/CS coating, that is, 
when the PAAS concentration is 5 mg/mL, the 
barrier property of the coating was optimal.
 
Effect of CS on the barrier property of PAAS/CS 
coatings
 Figure 1(c) and 1(d) show the water 
resistance of PAAS/CS coating samples that were 
incorporated with different amounts of CS. When the 
amount of CS increased to 9 mg/mL, both WS and 
WVP of the coating were significantly reduced (p < 
0.05), which indicated that an increase in CS 
concentration had a positive effect on improving the 
water resistance of PAAS/CS coating in this 
concentration range. However, as the CS 
concentration continued to increase to 10 mg/mL, 
there was only a slight further reduction of WS and 
WVP (p > 0.05). In addition, Figure 1(d) shows that 
when the concentration of CS used was between 6~9 
mg/mL, the gas permeability (O2 and CO2) of the 
coating significantly decreased (p < 0.05). As the 
concentration of CS continued to increase, the 
permeability of both O2 and CO2 significantly 
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increased. In addition, it can be seen from Figure 1(d) 
that when the concentration of CS was 6~9 mg/mL, 
the gas permeability (O2 and CO2) of the coating 
significantly decreased (P < 0.05). As the 
concentration of CS continued to increase, the 
permeability of both O2 and CO2 significantly 
increased. This is probably due to the high 
concentration of CS, accumulating too much of the 
polycation solution on the polyanion layer, which 
affected the flatness and barrier property of the 
coating (Xu et al., 2001). Hence, the optimal barrier 
property of PAAS/CS coating occurred when the 
concentration of CS was 9 mg/mL.
 
Effect of polyelectrolyte concentration on light 
transmittance of PAAS/CS coating
 The light transmittance of the coating is an 
important indicator for evaluating the quality of 
self-assembled coatings, mainly because it is not 
only an aid to evaluate the compatibility of the two 
polyelectrolytes, but also an important indicator to 
evaluate the applicability of the coating to food 
surfaces (Widiastuti et al., 2013). When the light 
transmittance of the coating is too low, the inherent 
colour of the food surface is blocked. Figure 2 shows 
the effect of different polyelectrolyte concentrations 

on light transmittance of the PAAS/CS coating. As 
the PAAS or CS concentrations increased, the light 
transmittance of the coating gradually decreased. 
When the PAAS concentration was increased to 5 
mg/mL, the transmittance of the coating reached 
87.5%. At this time, the coating had a good 
transparency. But as the PAAS concentration 
continued to increase, the transmittance of the 
coating drastically decreased (Figure 2(a)). In 
addition, when the CS concentration was greater than 
9 mg/mL, the transmittance of the coating was also 
significantly reduced. Therefore, in terms of light 
transmittance, the optimal concentration of PAAS 
was 5 mg/mL and that of CS was 9 mg/mL, giving 
the PAAS/CS coating a higher transparency, which 
was more suitable for the preservation of fruits.

Structural characteristics of PAAS/CS coating 
Scanning electron microscopy
 In view of the above results, we prepared a 
PAAS/CS coating using 5 mg/mL PAAS and 9 
mg/mL CS. Figure 3(A)-(a) shows scanning electron 
microscopy (SEM) results of its surface and cross 
section. CS and PAAS were evenly distributed and 
formed a relatively flat coating, but some small 
bulges can be seen on the surface. In addition, Figure 

Figure 1. Effect of PAAS and CS concentration on the barrier properties of PAAS/CS coating. (a) and (b): 
water-resisting properties; (c) and (d): air permeability.
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3(A)-(b) shows that there was no obvious pore 
structure in the coating, which indicated that the 
cross-sectional structure was relatively tight.

Fourier transform infrared (FT-IR) spectroscopy
 We next analysed the PAAS/CS coating 
using Fourier transform infrared (FT-IR) 
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Figure 2. Effect of polyelectrolyte concentrations on light transmittance by PAAS/CS coating. (a) PAAS concen-
tration, and (b) CS concentration.

(B)

(A)

(C)

(D)
Figure 3. Structural characteristics of PAAS/CS. (A) PAAS/CS coating scanning electron microscope results, (B) Infrared 
spectrum of PAAS/CS at 4000-500 cm-1, (C) Stress-strain curve of PAAS/CS coating, and (D) The bactericidal effect of 

PAAS/CS coating. Note: (a) SEM of surface, and (b) SEM of cross-section.
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spectroscopy. Figure 3(B) shows that the FT-IR 
spectrum displayed a wide -OH peak in the 
PAAS/CS coating near 3267 cm-1, and a characteris-
tic peak of C-O-NHR was seen at 1555 cm-1, which 
was mainly linked to remaining residual acetyl 
groups in CS. Additionally, the PAAS spectrum 
showed an asymmetric vibration peak of -C=O- at 
1407 cm-1, and no new feature peaks appeared in 
PAAS/CS coating. Comparison of the FT-IR spectra 
of CS, PAAS, and the PAAS/CS coating revealed 
that no new covalent bonds were formed between 
PAAS and CS, and that they were linked by 
hydrogen and ion bonds. 

Mechanical properties of PAAS/CS coating 
 Tensile strength (TS) is usually used to 
characterise the overall strain capacity of coatings. 
The larger the TS, the stronger the mechanical 
properties of coatings, and the better they are able to 
withstand external tension, collision, and other 
stresses. Elongation at break (EAB) is used to 
characterise the elasticity of the coating. The larger 
the EAB, the better the plasticity of the coating, 
which means that coatings with a larger EAB value 
tend to adhere to the surface of the fruit and deform 
as the surface of the fruit changes. Figure 3(C) shows 
the stress-strain curve of a PAAS/CS coating (formed 
by combining PAAS at 5 mg/mL and CS at 9 
mg/mL). The stress value at the highest point in the 
curve is the TS, and the corresponding strain value is 
the EAB of the PAAS/CS coating. Therefore, the TS 
of the PAAS/CS coating was 17.31 MPa, and the 
corresponding EAB was 13.72%. Previously, Liu et 
al. (2016) concluded that the TS and EAB of 
PAAS/CS coating were 12.90 MPa and 26.87%, 
respectively. The difference between their results and 
ours is probably due to the difference in polyelectro-
lyte concentrations and polycations. In addition, 
when compared with the CMC/CS coating prepared 
by Zhang et al. (2009) (TS value of 34.44 MPa, EAB 
value of 6.85%), the TS of our PAAS/CS coating was 
lower, while the EAB was significantly higher (p < 
0.05), indicating that the PAAS/CS coating from our 
study was more suitable for fruits with morphologi-
cal changes than the CMC/CS coating.

Antimicrobial properties of PAAS/CS coating
 Figure 3(D) shows the antibacterial effect of 
the PAAS/CS coating towards four foodborne 
pathogens. The highest antibacterial activity of the 
PAAS/CS coating was towards E. coli (99.6%), 
followed by L. monocytogenes and Sal. Typhimuri-
um at 98.5 and 92.6%, respectively. In addition, the 
antibacterial effect of the coating towards Sta. aureus 

was 87.5%. Therefore, the PAAS/CS coating 
displayed a good antibacterial activity on Gram-posi-
tive and Gram-negative pathogenic bacteria. Some 
previous works confirmed the antibacterial effects of 
applied modified CS coating against bacteria and 
fungi. This is mainly because the outermost layer of 
CS in the PAAS/CS coating contains partially 
positively charged amino groups, which can interact 
with the negative charges on the surface of the 
pathogenic bacteria by electrostatic attraction, 
causing the lysis of the bacterial cells 
(Hernández-Muñoz et al., 2006; Perdones et al., 
2016; Zavareh et al., 2020).

(A)

(B)

(C)

Figure 4. Self-healing results of PAAS/CS coating. (A) 
Microscopic self-healing results of PAAS/CS coating, and 
(B) Macroscopic self-healing results of PAAS/CS 
coatings. Note: (a) Coating scratches; and (b) Coating 
scratches after 30 min.
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Self-repairing ability of PAAS/CS coating
Microscopic analysis of the self-repairing ability of 
PAAS/CS coating
 The coating was scratched at the surface, and 
then covered with water, and observed under a 
microscope. The self-repairing results are shown in 
Figure 4(A). After 30 min, the scratch of the coating 
had become shallower, which indicated that the 
PAAS/CS coating has a strong self-repairing ability 
under the stimulating effect of water.

Macroscopic analysis of self-repairing abilities of 
PAAS/CS coatings
 We also macroscopically analysed the 
self-repairing properties of PAAS/CS coatings. 
When two differently coloured coatings were placed 
in overlapping fashion for 30 min, a stable new 
self-repaired coating had formed (Figure 4(B)). We 
measured the mechanical properties of the new 
self-repaired coating and found that the TS was 14.03 
MPa, which was only slightly lower than the TS 
(17.31 MPa) of the original PAAS/CS coating.
 Based on the above results, we found that the 
self-repairing abilities of the PAAS/CS coating were 
manifested both by the repairing of the coating 
morphology, as well as by the mechanical properties. 
Liu et al. (2016) reported that this is mainly due to 
damage to the ionic bond in the damaged area upon 
scratching the coating, and the formation of a large 

number of active groups on the surface of the 
coating. These reactive groups have good molecular 
mobility when in contact with water, allowing the 
formation of new hydrogen bonds and ionic bonds 
with other parts of the coatings in the water, leading 
to repair of the damaged area.

The effect of PAAS/CS coating on the storage and 
preservation of strawberries
 Figure 5 shows that PAAS/CS coating 
improves the storage and preservation of 
strawberries. During storage, the weight loss and rot 
index of strawberries in the PAAS/CS group were 
significantly lower (p < 0.05) than in the CK group. 
Moreover, after two days, the vitamin C and 
anthocyanin contents in the PAAS/CS group were 
also significantly higher (p < 0.05) than in the CK 
group. As reported by Hernández-Muñoz et al. 
(2006), strawberries were treated either with 1% 
calcium gluconate dips, 1.5% chitosan coatings, or 
with a coating formulation containing 1.5% chitosan 
+ 1% calcium gluconate and stored at 20°C for up to 
four days. When the surface of strawberries is 
covered by a PAAS/CS coating, the strawberries are 
prevented from being directly exposed to the air. The 
storage and preservation of strawberries can be 
improved by reducing the loss of moisture via the 
surface of the strawberry and by reducing the loss of 
nutrients. Perdones et al. (2016) also reported that 
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Figure 5. Fresh-keeping effect of PAAS/CS coating on strawberries. CK: uncoated group; PAAS-
/CS: coating with PAAS/CS group; PAAS: coating with PAAS group; CS: coating with CS group.
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coatings affected the metabolic pathways and 
volatile profile of fruits, and chitosan coatings 
containing lemon essential oils were described as 
effective at preventing the growth of fungi on fruit.

Conclusion
 Our results showed that when the 
concentration of PAAS was 5 mg/mL and that of CS 
was 9 mg/mL, CS and PAAS were uniformly 
distributed, and hydrogen and ionic bonds were 
assembled to form a relatively flat coating. 
Moreover, there was no apparent pore structure in the 
coating which was characterised by a tight 
cross-sectional structure. Under this condition, the 
PAAS/CS self-assembled layer displayed a higher 
water-resistance and transparency, which was highly 
suitable as a coating for the preservation of fruits. 
PAAS/CS coating displayed excellent mechanical 
properties and a strong bactericidal effect on 
Gram-positive and Gram-negative pathogens. The 
self-repairing ability of the PAAS/CS coating was 
characterised by repairing the morphology of the 
coating as well as the repairing of mechanical 
properties. The PAAS/CS coating significantly 
reduced the weight loss and rot index of strawberries 
during storage and preservation. At the same time, 
the loss of anthocyanin and vitamin C was also 
reduced, thus improving further the preservation of 
strawberries during storage.
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