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Hydrophobic noncrystalline porous starch (NCPS) containing microporous 
and amorphous structures was prepared from native corn starch via heat 
treatment, solvent exchange, and alkyl ketene dimer (AKD) modification. 
Then, antibacterial packaging was produced by combining silver 
nanoparticles with the hydrophobic NCPS (hydrophobic NCPS/Ag) and 
employing this biobased coating as a layer on the base paper. The 
antibacterial activity, strength, and barrier properties of the hydrophobic 
NCPS/Ag-coated paper were measured. In addition, the fine porous 
surface of NCPS, the distribution of the silver nanoparticles in hydrophobic 
NCPS as well as the network structure of uncoated paper and coated 
paper were characterized by scanning electron microscopy. Meanwhile, 
the hydrophobicity of the corn starch, hydrophobic NCPS, uncoated paper, 
and coated paper were determined using water contact angles. The silver 
nanoparticles had a positive effect on the antibacterial activity against 
Escherichia coli and Staphylococcus aureus. The air permeability, oil 
resistance, water vapor transmission rate, water absorption, whiteness, 
tensile strength, and burst strength improved compared to the uncoated 
paper. 
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INTRODUCTION 
 

Consumers are paying an increasing amount of attention to antibacterial, 

biodegradable, and lightweight food packaging materials that could better preserve the 

quality of the food and improve its shelf-life and safety (Lavoine et al. 2015). 

Consequently, antibacterial packaging paper has attracted much attention in the food and 

packaging industries, which are aiming to replace conventional food packaging to inhibit 

microbial spoilage (Chung et al. 2001; Bagamboula et al. 2004; Miltz et al. 2006). Food 

packaging performs three functions: protection, providing of information, and ease of use. 

Among these functions, the protection of food from the invasion of undesirable pathogenic 

or spoilage microorganisms is the most important (Makwana et al. 2015). Antibacterial 

cellulosic paper, as a biodegradable, recyclable, and lightweight material, is considered to 

be one of the most promising candidates for replacing conventional packaging materials 

(Liu et al. 2016). However, plain paper is not applied to protect foods for long periods 

because of its poor antibacterial and barrier properties. To enhance the antibacterial 

performance, antibacterial materials are commonly incorporated directly into paper to 

prevent microbial contamination. Thus, various antibacterial materials have been 
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investigated and incorporated into food packaging to prevent microbial adhesion, extend 

shelf-life, and maintain or increase the product quality (Amini et al. 2016). Many of these 

materials are various synthetic materials that have demonstrated an inhibitory activity 

against different microorganisms and include sodium benzoates, propionates, potassium 

sorbates, sulfites, chlorides, and various polysaccharides, including chitosan and its 

derivates (Devlieghere et al. 2000; Cooksey 2001; Zheng et al. 2013; Yin et al. 2017). 

Other antibacterial agents, such as metallic ions (silver and copper nanoparticles) (Fayaz 

et al. 2009) and metal oxides (titanium dioxide and zinc oxide) (Chawengkijwanich and 

Hayata 2008; Tayel et al. 2011), have also been proven to resist bacterial growth. Several 

researchers have studied the possibility of introducing silver nanoparticles into polymer 

films for enhancing the antimicrobial property. These studies suggested that silver 

nanoparticles are effective killers of pathogenic bacteria, such as Escherichia coli and 

Staphylococcus aureus (Rai et al. 2009; Li et al. 2010). 

Biopolymers, which originate from naturally renewable resources, combined with 

antibacterial materials have the potential to be used as biobased coatings to prevent food 

deterioration by acting as a sufficient barrier to oxygen, water vapor, and oil (Hernez-

Izquierdo et al. 2008; Marcos et al. 2010). Biopolymer-based materials with antibacterial 

materials, particularly starch-based ones, have been studied extensively for food packaging 

applications (Salleh and Muhamad 2010; Guazzotti et al. 2015; Liu et al. 2015; Koivula et 

al. 2016). However, the application of starch-based materials to improve chemical and 

mechanical properties of packaging has been challenging because of certain limitations, 

including poor processing, fragility, low whiteness, and high hydrophilicity (Lacroix and 

Le Tien 2005; Olivas and Barbosa-Cánovas 2008). Antimicrobial biobased coatings with 

improved properties can be prepared from starch that has been physically and chemically 

modified with other compatible materials that are incorporated with antibacterial materials 

(Flores et al. 2007). 

Researchers have produced several starch derivatives through physical and 

chemical modifications. Examples of starches that have undergone physical modification 

include noncrystalline granular starch and microporous starch. In recent studies, 

noncrystalline granular starch that has a granular shape without a crystalline area has been 

produced by using heat treatment with aqueous ethanol. This type of starch with a mostly 

amorphous character could accelerate the chemical reaction rate (Liu et al. 2010; Zhang et 

al. 2012). In contrast, because of its non-toxicity, biodegradability, high specific surface 

area, and high whiteness, starch with a porous structure has a broad range of current and 

potential applications, including fillers, coatings, and wood adhesives. Several researchers 

have modified native starch by means of a solvent exchange technique to give it a porous 

structure (El-Tahlawy et al. 2007; Patel et al. 2010; Wang and Yang 2011). In terms of 

chemical modification, starch, which shares a similar chemical structural unit to cellulose, 

could also be reacted with alkyl ketene dimer (AKD) to generate β-keto esters that are fixed 

on the starch surface to improve the water resistance of the starch. Thus, in a previous work 

of the authors, it was attempted to combine these three approaches to develop a 

hydrophobic noncrystal microporous starch (NCPS), which is more stable, and convenient 

for storage and use in the paper making industries. The results from the experiment 

indicated that physically and chemically modified starches could remarkably increase the 

hydrophobicity, mechanical properties, and whiteness of paper (Dang et al. 2017). 

However, there have been minimal reports on the application of hydrophobic NCPS with 

silver nanoparticles as a coating in food packaging. 
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Hydrophobic NCPS combined with silver nanoparticles was used as a biobased 

coating applied onto the base paper surface with the aim of achieving improved 

antibacterial and barrier properties, as well as whiteness. The base paper of antibacterial 

packaging paper must have adequate mechanical properties. Ultrasonic-assisted wheat 

straw pulp (UWP) is produced by ultrasonic pulping, which integrates pulping and 

bleaching within a reactor to eliminate soda recovery, bleaching, bleaching solution 

preparation, and a coal-fired steam supply system. This group of authors has conducted a 

series of experiments on UWP, and the material has exhibited superior strength and optical 

properties compared with traditional wheat straw pulp and aspen alkaline peroxide 

mechanical pulp (Xing et al. 2017). In this work, because of the interest of the authors in 

this material, UWP and softwood kraft pulp (SKP) were used to make the base paper. 

In the present study, NCPS was prepared by heat treatment and solvent exchange, 

which was followed by modification with AKD. Finally, the authors attempted to 

functionalize hydrophobic NCPS with silver nanoparticles and coating them onto a base 

paper surface to produce a material with useful properties for food packaging. The 

antibacterial activity, air permeability, oil resistance, water vapor transmission rate 

(WVTR), water absorption, whiteness, tensile strength, burst strength, and morphology of 

the coated papers were thoroughly characterized. 

 

 

EXPERIMENTAL 
 
Materials 

Corn starch, the amylose content of which was analyzed by the supplier and was 

26.3%, was supplied by Kangpuhuiwei Technology Co., Ltd. (Beijing, China) Country). 

The AKD and silver colloid solution were purchased from Kebaiao Co., Ltd. (Beijing, 

China). The UWP was supplied by Huasen Paper Co., Ltd. (Anyan, China). The SKP was 

supplied by Sun Paper Co., Ltd. (Yanzhou, China). All of the other chemicals were of 

analytical grade and used without further purification. 

 
Methods 
Preparation of the base paper 

The base paper (50 g/m2), which consisted of 60% ultrasonic-assisted wheat straw 

pulp (40° SR) and 40%  bleached softwood kraft pulp (40° SR), was formed using a KRK 

semi-auto sheet machine (KRK Corp., Kyoto, Japan). 

 

Preparation of the hydrophobic NCPS 

Ten grams of corn starch were suspended in 300 mL of deionized water. The 

solution was then heated to 80 °C with continuous stirring for 20 min. The suspension was 

filtered to collect the noncrystalline starch. Briefly, 100 mL of anhydrous ethanol were 

added to 5 g of noncrystalline starch, which was stirred for 30 min at room temperature, 

and then the precipitated starches were filtered out via suction. After the precipitate was 

transferred to a glass beaker, 100 mL of anhydrous ethanol were added, and the mixture 

was stirred for 60 min, which was then filtered again. The precipitated NCPS was dried 

under ambient conditions overnight before further characterization. The following day, 

80% AKD was dissolved completely in 50 mL of anhydrous ethanol with continuous 

stirring, and then 12 g of NCPS were added to the solution. The reaction mixture was 

allowed to sit at 55 °C with continuous stirring for 3 h. After the reaction, the resultant 
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mixture was filtered, and the solid was freeze-dried to collect the hydrophobic NCPS after 

it was washed with anhydrous ethanol five times. 

 

Dispersion of hydrophobic NCPS into silver nanoparticles solution (hydrophobic 

NCPS/Ag) 

Five grams of hydrophobic NCPS were dispersed into solutions with different 

concentrations of colloid silver, which were 5 mg/L, 15 mg/L, 25 mg/L, 35 mg/L, and 45 

mg/L. The mixtures were then stirred at 1000 rpm and room temperature for 1 h. 

 

Paper coating 

Hydrophobic NCPS/Ag was coated onto the surface of the base paper using a KRK 

ST-1 type machine (KRK Corp., Kyoto, Japan) with coat weights of 0.5 g/m2, 1 g/m2, 1.5 

g/m2, and 2 g/m2. Then, the coated paper was allowed to dry at 23 °C and 50% relative 

humidity (RH) for 24 h until further analysis. Figure 1 shows the process for preparing the 

hydrophobic NCPS/Ag-coated paper. 

 

 
Fig. 1. Preparation process of hydrophobic NCPS/Ag-coated paper 

 

Antibacterial activity 

The test method GB/T 20944.3 (2007) was used to determine the antibacterial 

activity of hydrophobic NCPS/Ag-coated paper with 5 mg/L, 15 mg/L, 25 mg/L, 35 mg/L, 

and 45 mg/L colloid silver solution and coat weights of 0.5 g/m2, 1 g/m2, 1.5 g/m2, and 2 

g/m2. E. coli and S. aureus (Beijing Detection Center of Microbiology, Beijing, China) 

were selected as the test bacteria. 

 

Oil resistance 

The oil resistance measurements were conducted based on the method used by Jiao 

et al. (2015). Castor oil was used for sample testing in accordance with TAPPI T507 

(1999). First, Sudan Ш (Kebaiao Co., Ltd, Beijing, China) was used to change the colors 
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of the oil to red. Then, according to the schematic diagram given in Jiao et al. (2015), ten-

layer arrangements, including the test samples, were stacked. A flat panel with a mass of 

720 g was placed on the top of the stacks. Finally, the whole set was kept in an oven at 60 

°C for 4 h. The area of the blotters stained with oil was determined by a point–counting 

method. The results were calculated as the average of five measurements. 

 

Air permeability 

Air permeability tests were performed using a KRK No. 2486-3 Air Permeability 

Tester (KRK Corp., Kyoto, Japan) in accordance with ISO 5636.5 (2013). In this method, 

the time (s) it took air to pass through coated paper with a settled area was determined. The 

longer it took air to move through the coated paper, the better the air permeability resistance 

of the coated paper. Five measurements from each sample were taken. 

 

Water vapor transmission rate 

The WVTR was determined by a gravimetric method based on the procedure used 

by Amini et al. (2016). Hydrophobic NCPS/Ag-coated papers were placed in a petri dish 

containing calcium chloride (CaCl2) salt, which were then properly sealed using solid 

silicone oil to avoid air penetration. The initial weight of the entire set was measured, and 

then the set was air-dried at 23 °C and 50% RH for 18 h. After this period, the weight of 

the dish containing the coated paper was measured. The WVTR (g/m2d) was calculated 

with the following equation, 

𝑊𝑉𝑇𝑅 =  24𝑥 / 𝐴𝑦 (𝑔/𝑚2𝑑)      (1) 

where x is the sample weight (g) after time y (d), and A is the area of the paper tested (m2). 

The measurements were conducted five times. 

 

Water absorption (Cobb test) 

In the water absorption tests, the apparatus used was a ZZ-100 Cobb Tester (Paper 

Test Instruments Co., Ltd., Changchun, China). The Cobb value was calculated in 

accordance with GB/T 1504 (2002). The results were reported as the average of five 

measurements. 

 

Whiteness 

The whiteness of the coated paper was measured using a YQ-Z-48B whiteness 

tester (Qintong Co., Ltd., Hangzhou, China). The tests were performed in accordance with 

GB/T 7974 (2002). The reported results were the average of five measurements. 

 

Tensile and burst strengths 

The base papers that had been treated with hydrophobic NCPS/Ag were air-dried 

at 23 °C and 50% RH for 24 h prior to testing. The coated papers were tested in terms of 

the tensile and burst indices according to the ISO standard methods GB/T 453 (2002) and 

GB/T 454 (2002), respectively. The results were reported as the average of five 

measurements. 

 

Scanning electron microscopy (SEM) analysis 

Scanning electron microscopy analysis was used to investigate the surface 

morphology of the NCPS, hydrophobic NCPS/Ag, uncoated paper, and hydrophobic 

NCPS/Ag-coated paper.  
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Pieces were cut from the films, coated with gold by a spraying instrument (Yulong 

Co., Ltd., Beijing, China), and observed with a scanning electron microscope (S-3000N, 

Hitachi, Tokyo, Japan) at an acceleration voltage of 10 kV. 

 

Contact angle measurement 

Five microliters of deionized water were dropped onto the surface of the paper, and 

the water contact angle for the hydrophobic NCPS/Ag-coated paper was measured with an 

optical contact angle apparatus (OCA 20, Data Physics Instruments GmbH, Filderstadt, 

Germany) equipped with a video measuring system and high-resolution CCD camera. 

 

 

RESULTS AND DISCUSSION 
 

Starch is a semi-crystalline plant polymer composed of amylose and amylopectin. 

Amylose is localized in the amorphous regions of the starch granule, while the crystalline 

regions are largely comprised of amylopectin (Shamekh et al. 1999; Glenn et al. 2008). In 

the authors’ previous study, the XRD spectra of the corn starch and NCPS were detected. 

The XRD profiles showed that the intensity of the diffraction angle of NCPS was obviously 

weakened compared with that of corn starch. The results illustrated that the crystalline 

structure was destroyed entirely during the heat treatment (Dang et al. 2017). 

 
SEM Analysis and Contact Angle Measurement of the Corn Starch, NCPS, 
Hydrophobic NCPS, Hydrophobic NCPS/Ag, Uncoated Paper, and Coated 
Paper 

Figure 2 shows the SEM morphologies of the corn starch, NCPS, hydrophobic 

NCPS, hydrophobic NCPS/Ag, uncoated paper, and coated paper. As shown in Figs. 2a 

and 2b, it was clear that the integrated and smooth surfaces of the corn starch granules were 

converted to finely porous surfaces by heating and solvent exchange. In addition, the 

deposition and distribution of silver nanoparticles on the surface of the hydrophobic NCPS 

are presented in Figs. 2d and 2e.  

The hydrophobic NCPS (Fig. 2c) without any silver nanoparticles showed a 

relatively clean surface with some particle-like defects, which were believed to be some 

undissolved components in the starch (Wu et al. 2009). The hydrophobic NCPS containing 

45 mg/L silver nanoparticles exhibited a much rougher surface, and the nanoparticles were 

obviously aggregated on the starch surface. This behavior was consistent with the results 

of Li et al. (2017).  

The SEM micrographs of the uncoated paper and hydrophobic NCPS/Ag-coated 

paper are shown in Figs. 2f to 2i. The uncoated paper (Fig. 2f) showed a porous structure 

of randomly interlacing fibers (Zhang et al. 2014). Figure 2g showed that the fibers and 

paper pores of the coated paper became less apparent after being coated with hydrophobic 

NCPS/Ag at a coat weight of 1 g/m2.  

These micrographs revealed that the hydrophobic NCPS/Ag coating embedded 

cellulose fibers and formed a continuous film over the fibers. Meanwhile, the fracture 

surface images of the coated paper (Fig. 2i) showed an obvious dense structure compared 

with the loose fracture surface of the uncoated paper (Fig. 2h), which indicated that the 

hydrophobic NCPS/Ag penetrated the uncoated paper. 
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Fig. 2. SEM images of the corn starch (a), NCPS (b), hydrophobic NCPS (c), hydrophobic 
NCPS/Ag (d, e), uncoated paper (f, h), and coated paper (g, i). Insets (f and g): images of water 
droplets 
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Additionally, the wettability of the paper surface was studied by the contact angle 

of water droplets, which are shown in Figs. 2f and 2g. The results showed that the coated 

paper exhibited a higher hydrophobicity compared with the uncoated paper, which could 

have been because the hydrophobic NCPS/Ag formed a layer on the top of the base papers 

and penetrated deeply into the core of the papers. Therefore, it was determined that the 

hydrophobic NCPS/Ag coating is suitable for food packaging materials. 

 
Antibacterial Activities of the Hydrophobic NCPS/Ag-coated Paper 

The antibacterial activities of the hydrophobic NCPS/Ag-coated paper were 

determined against E. coli as a Gram-negative bacterium and S. aureus as a Gram-positive 

bacterium.  

Figure 3 shows the inhibition rates of the coated paper with 35 mg/L silver 

nanoparticles at coat weights of 0.5 g/m2, 1 g/m2, 1.5 g/m2, and 2 g/m2 for E. coli and S. 

aureus. The inhibition rates of E. coli and S. aureus increased rapidly as the coat weight 

increased. Additionally, looking more closely at Fig. 3a, the hydrophobic NCPS/Ag 

coating had a higher antibacterial rate against E. coli than S. aureus at each coat weight. 

The antibacterial effect of the hydrophobic NCPS/Ag-coated paper with a 1g/m2 coat 

weight at different concentrations of silver nanoparticles on E. coli and S. aureus was 

investigated, and is shown in Fig. 3b.  

The inhibition rates increased with an increase in the concentration. The coated 

paper with the highest antibacterial property was obtained at a silver nanoparticle 

concentration of 35 mg/L. It has been reported that the antibacterial activity of biobased 

materials increases in the presence of silver nanoparticles (Wei et al. 2009; Cano et al. 

2016). Improvement in the antibacterial performance was explained by the following 

discussion.  

Silver nanoparticles with a high surface area attached to the surface of the cell 

membrane altered the cell wall permeability and respiration, and penetrated the bacteria to 

interact with the DNA, which resulted in bacteriostatic and bactericidal effects (Morones 

et al. 2005; Rai et al. 2009; Amini et al. 2016). 
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Fig. 3. (a) Effect of the coat weight on the antibacterial performance of the coated paper with 35 
mg/L silver nanoparticles; and (b) effect of the silver nanoparticle concentration on the 
antibacterial performance of the coated paper with a coat weight of 1 g/m2 
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Fig. 4. Properties of the coated paper: (a) air permeability; (b) oil permeability; (c) WVTR; (d) 
water absorption; (e) whiteness; (f) tensile index; and (g) burst index 
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Air Permeability of the Hydrophobic NCPS/Ag-coated Paper 
Previous studies have shown that the addition of metal nanoparticles to polymeric 

matrices affects the gas permeability (Shahverdi et al. 2007; Sheikh et al. 2011). The air 

permeability values of the coated paper were measured at different coat weights and are 

shown in Fig. 4a. As was expected, the coated paper showed decreased air permeability as 

the coat weight increased. Consequently, the maximum air permeability was 256 s when 

the coat weight of hydrophobic NCPS/Ag was 2 g/m2. With the increased coat weight, the 

coated paper had an excellent air permeability resistance because the hydrophobic 

NCPS/Ag absorbed the fibers and formed a film on the base paper surface. It was 

noteworthy that for the base paper with a coat weight of 1.5 g/m2, the air permeability was 

approximately 228 s and 241 s for the hydrophobic NCPS impregnated with 15 mg/L and 

35 mg/L silver nanoparticles, respectively. The reason for this was that the silver 

nanoparticles acted as a barrier to fill the voids of the fibers and controlled the amount of 

air transported, which would extend the food shelf life (Abreu et al. 2015). These results 

were in good accordance with the results of the SEM analysis given previously. 

 

Oil Resistance of the Hydrophobic NCPS/Ag-coated Paper 
The effect of the hydrophobic NCPS/Ag on the castor oil resistance is shown in 

Fig. 4b. The oil resistance of the coated paper was sharply improved with the addition of 

the hydrophobic NCPS/Ag. The maximum oil resistance was 39.4% when the coated 

weight was 2 g/m2. Additionally, for the paper with a coat weight of 2 g/m2, the oil 

permeability of the coated paper with 15 mg/L and 35 mg/L silver nanoparticles was 49.7% 

and 39.4%, respectively. This result indicated that an increase in silver nanoparticles may 

have led to a decrease in the oil permeability. Oil can diffuse into the paper through its 

pores by capillary action and gradually penetrate the paper (Long et al. 2015). Therefore, 

oil resistance usually results from a relative absence of pores on the paper surface and is 

mainly determined by the largest paper pore size (Kjellgren 2005). Figures 2g and 2i 

showed that the relatively smooth surface and tight structure was beneficial in decreasing 

the surface porosity and preventing the paper from oil wetting. 
 

WVTR of the Hydrophobic NCPS/Ag-coated Paper 
Because of interaction with water or gases, natural deterioration of fresh or 

processed food can easily happen. Therefore, WVTR is one of the most important 

properties of food packaging. Figure 4c presents the WVTR for the base paper coated with 

hydrophobic NCPS/Ag. It was found that the higher the coat weight of the hydrophobic 

NCPS/Ag, the lower the WVTR of the coated paper. Hence, the coated sample with a coat 

weight of 2 g/m2 exhibited the highest barrier properties compared with the lower coat 

weights.  

The cause of this effect may have been because the coating, which has a high 

hydrophobic property, was able to form in impermeable film on the fiber surface and 

penetrate through the base paper. This film decreased the penetration of water vapor 

through the base paper to prevent an increase in the WVTR. Therefore, it was evident that 

deposition of hydrophobic NCPS/Ag coating onto the paper surface boosted this property. 

Moreover, there was little difference between the base paper coated with 15 mg/L and 35 

mg/L hydrophobic NCPS/Ag at the same coat weights, which was mainly caused by the 

paper surface pores being filled with silver nanoparticles. 
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Water Absorption of the Hydrophobic NCPS/Ag-coated Paper 
Data on the water absorption of the base paper made from UWP and SKP coated 

with hydrophobic NCPS/Ag are presented in Fig. 4d. At a coat weight of 2 g/m2, the water 

absorption of the coated paper decreased 65.12% compared with the uncoated paper. This 

suggested that the coat of hydrophobic NCPS/Ag could effectively improve the 

hydrophobicity of the base paper. Because of the large surface pores and high swelling 

potential of the highly beaten fibers, the base paper was prompted to absorb water. After 

the use of hydrophobic NCPS/Ag, the coating formed a highly hydrophobic film on the 

base paper surface to resist water, which was in accordance with the water contact angle 

tests. Additionally, the coated paper with 35 mg/L silver nanoparticles exhibited higher 

water resistance than those with a concentration of 15 mg/L silver nanoparticles. This 

interesting result was probably because of the use of more silver nanoparticles that filled 

the paper network pores. The data obtained for the hydrophobic NCPS/Ag-coated paper 

was also in agreement with the SEM results. 

 
Schematic of the Common Barriers 

The schematic of common barriers is shown in Fig. 5. First, the hydrophobic 

NCPS/Ag was coated onto the fiber. After the paper was dried, the hydrophobic NCPS/Ag 

coating formed a layer with improved water and air resistances. Silver nanoparticles 

dispersed on the surface of the hydrophobic NCPS provided an antibacterial activity and 

extra improvement to the water, air, and oil resistances. 

 
Fig. 5. Schematic of the common barriers 
 

Whiteness of the Hydrophobic NCPS/Ag-coated Paper 
Antibacterial food packaging paper with high whiteness is helpful in improving the 

print quality. Figure 4e shows the effect of the coat weight on the whiteness performance 

of the coated paper. The whiteness increased to 88.7% as the coat weight increased to 2 

g/m2. The whiteness of the coated paper was higher than that of the uncoated sample, 

presumably because of the presence of a porous structure of hydrophobic NCPS (Bolivar 

et al. 2007). Meanwhile, it was observed that there was no difference in the whiteness of 

the paper coated with 15 mg/L and 35 mg/L silver nanoparticles, which indicated that the 

silver nanoparticles did not increase the whiteness. 
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Mechanical Properties of the Hydrophobic NCPS/Ag-coated Paper 
The tensile and burst indices of the paper coated with hydrophobic NCPS/Ag are 

shown in Figs. 4f and 4g, respectively. It was demonstrated that the tensile and burst indices 

of the coated paper were improved by the hydrophobic NCPS/Ag. Therefore, the 

mechanical properties of the coated paper were at their peak when the coat weight of 

hydrophobic NCPS/Ag was 2 g/m2. The results indicated that the coating was effective at 

improving the mechanical properties of the coated paper. There were many factors behind 

these improvements. Hydrogen bonds were formed between the hydrophobic NCPS and 

hydroxyl groups of the fibers (Dang et al. 2017). Furthermore, compared with the fracture 

surface of the uncoated paper, the hydrophobic NCPS/Ag also penetrated into the base 

paper, which resulted in the dense structure that is shown in Fig. 2i. Among the test 

samples, the mechanical properties of the coated paper were the same for the 15 mg/L and 

35 mg/L silver nanoparticle concentrations. This result suggested that the silver 

nanoparticles did not increase the mechanical properties, at least for this concentration 

range. 

 
 

CONCLUSIONS 
 

1. Functional antibacterial packaging paper with excellent barrier and mechanical 

properties was prepared by dispersing hydrophobic NCPS into silver nanoparticles and 

depositing it as a coating on the surface of a base paper, which consisted of 60% UWP 

and 40% SKP. 

2. A relatively uniform distribution and fine dispersion of silver nanoparticles in the 

hydrophobic NCPS was evidenced by SEM. 

3. The biobased antibacterial coating dramatically increased the antibacterial activity of 

the base paper against E. coli and S. aureus bacteria. The coated paper with the highest 

antibacterial property was obtained at a silver nanoparticle concentration of 35 mg/L. 

4. The mechanical and barrier properties of the coated paper increased noticeably with 

higher coat weights. Additionally, the coated paper with 35 mg/L silver nanoparticles 

exhibited higher performance than those with a concentration of 15 mg/L silver 

nanoparticles in each coat weight.  

 

5. All of the results revealed that the hydrophobic NCPS/Ag coating, which had 

antibacterial features and improved resistances and whiteness, has promising 

applications as packaging materials. 
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