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Abstract:  

Carboxymethyl chitosan (CMCh)-peptide conjugates were produced by grafting 

CMCh with peptides from hemp seed, maize and casein. The nanoemulsions 

stabilized by these conjugates had smaller droplet size and better emulsifying 

properties. Nanoemulsions stabilized by conjugates were used to develop active films 

containing Camellia essential oil and the effect of conjugation on physicochemical 

properties of resulting films was evaluated. Water vapor and oxygen barrier properties, 

tensile strength, flexibility, and temperature of endothermic peak increased 6.6-19.8% 

and 6.9-27.2%, 40.1-96.6%, 61.4-83.3% and 7.8-18.5%, respectively when the 

CMCh-peptide conjugates were used to emulsify the essential oil. The conjugation 

helped to form compact structure. All of the films containing essential oil emulsions 

stabilized by conjugates showed the ability to extend the shelf-life of blueberry by 

maintaining the firmness, reducing the weight loss and slowing down the formation of 

soluble solids. 

 

Keywords: Carboxymethyl chitosan; Peptides; Conjugates; Nanoemulsions; Films; 

Essential oil   
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1. Introduction 

 

Chitosan is a natural linear biopolymer derived from partial deacetylation of chitin [1]. 

It has been widely used in food packaging to extend the shelf-life of fruits, vegetables, 

seafood and animal products due to its excellent film-forming properties and 

antimicrobial characteristics. For example, the chitosan-based films were shown to 

exhibit preservative effect on shrimp [2]. Beef fillets coated with chitosan-based films 

showed a substantially reduced the total viable count and better sensorial properties 

[3]. Chitosan-based films were also found to prolong the shelf life of bananas for ten 

days [4]. In non-food application, chitosan-based films are used as wound dressings, 

adsorbent materials to remove pollutants and antibacterial fabrics [5, 6]. However, a 

much broader application of chitosan is limited due its poor solubility in water. It 

needs to be dissolved in acetic acid solution, which can leave residual acetic acid in 

the final product and affect the sensory properties of the product.  

A better solubility of chitosan in water can be achieved by introducing carboxymethyl 

groups to the amino and hydroxyl sites of the glucosamine [7]. In addition to 

improving water solubility, carboxymethyl chitosan (CMCh) also retains film-forming 

and antimicrobial properties of chitosan. Due to these reasons, CMCh is attracting 

increasingly research interest specially in food packaging application. For example, 

CMCh was used to prepare antifogging films which could extend the shelf-life of 

fruits by delaying the water loss at the same time reducing the growth of 
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microorganisms [8]. However, as CMCh is hydrophilic in nature, packaging and 

coating produced using CMCh come with substantially poor water barrier properties 

compared to synthetic plastic films, and thus, not favored in food packaging. This 

disadvantage can be overcome by incorporating lipids, i.e. producing emulsion-based 

films. 

Emulsion-based films possess high water vapor barrier properties due to the presence 

of hydrophobic lipids. For the preparation of emulsion-based films, the emulsifying 

properties of film-forming materials play an important role as physicochemical 

properties of films depend on uniform distribution of lipid in the emulsion as well as 

in the film [9]. Previous study has shown that the emulsifying properties of CMCh 

could be improved by conjugating it with casein hydrolysate and using the conjugates 

to produce nanoemulsions [10]. However, no studies have undertaken to determine if 

these nanoemulsions can be used to prepare films and also to extend the shelf-life of 

foods. 

In general, beeswax, vegetable oils and essential oils can be used to prepare 

emulsion-based films. Among these lipids, essential oils have shown to have excellent 

antioxidant and antimicrobial properties, which are important parameters for 

extending shelf-life of foods. For example, the essential oils from oregano, thyme, 

lemon, lemongrass, fruit of Amomum tsaoko Crevost et Lemaire, grapefruit and sage 

have been used to enhance the antioxidant and antimicrobial properties of 

emulsion-based films [9, 11]. Essential oils obtained from Camellia japonica are 

reported to have antioxidant activity due to the high level of squalene, flavonoids and 
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tocopherol [12]. However, there are few reports about its application in 

nanoemulsions-based films.  

In this context, this study aimed to investigate the physicochemical properties of 

nanoemulsions-based films produced using CMCh-peptide conjugates loaded with 

Camellia japonica essential oil. In addition, the ability of these films in extending the 

shelf life of blueberry was also studied.  

 

2. Materials and methods 

 

2.1. Materials and chemicals 

 

Carboxymethyl chitosan (>80 % carboxylation, molecular weight = 150-800 KDa), 

essential oil from Camellia japonica (98 %) were purchased from Shanghai Yuanye 

biotechnology Co., Ltd (Shanghai, China). Solid-phase microextraction (SPME) 

coupled with gas chromatography mass spectrometry (GC-MS) was used to analyze 

main components in Camellia japonica essential oil. The details of methods, the 

chromatogram and identification of volatile compounds were shown in supplementary 

materials (Figure S1 and Table S1). The main constituents identified from database 

were myrtenol, α-terpineol, carvacrol and thymol. Glycerol was purchased from 

Macklin Biochemical Co., Ltd (Shanghai, China). Antioxidant peptide was prepared 

from hemp seed proteins by Alcalase at pH of 9.0 for 5 h according to our earlier 

study [13]. The antioxidant peptides obtained from maize (MP) and casein (CP) were 
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purchased from Guangzhou Honsea Industry Co., Ltd. (Guangdong, China) and 

Beijing Hongrunbao Science Co., Ltd. (Beijing, China), respectively. The molecular 

mass distribution of these peptide samples was measured according to our previous 

study [13] and the results are presented in supplementary material (Figure S2). The 

peptides were acid hydrolyzed at 110 °C for 24 h in 6 M HCl in vacuum-sealed tubes 

and the content of amino acids were determined by automatic amino acid analyzer 

(Biochrom, UK). The results were shown in supplementary material (Table S2). 

HT-29 (human colon carcinoma cell lines) were purchased from the Collection of Cell 

Cultures of the Fourth Military Medical University (Shaanxi, China). Dulbecco's 

modified Eagle medium (DMEM) was purchased from Thermo Fisher Scientific Inc. 

(Shanghai, China). The blueberries were purchased from local supermarket (Nanjing, 

China). The other reagents were purchased from Sinopharm Chemical Reagent Co., 

Ltd (Shanghai, China).  

 

2.2. Preparation of carboxymethyl chitosan-peptide conjugates 

 

The CMCh-peptide conjugates were prepared from each peptide sample according to 

our earlier study with minor modification [14]. Briefly, CMCh (5 g) and peptide (5 g) 

were dispersed in 100 mL phosphate buffer (10 mM, pH7.4) and stirred for 12 h at 

4 °C. These well mixed dispersions were freeze-dried first at -50 ℃ and 1.3 Pa by 

FD-2B freezing dryer (Beijing Boyikang Experimental Instrument Co. Ltd., China). 

The freeze-dried samples are denoted as mixture of CMCh and peptides. CMCh/HP 
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denotes the mixture of CMCh and hemp seed peptides. CMCh/MP denotes the 

mixture of CMCh and maize peptides. CMCh/CP denotes the mixture of CMCh and 

casein peptides. The freeze-dried samples were incubated in a ventilated chamber 

(KBF720, Binder, Germany) at 60 °C and 79% relative humidity for 7 days, followed 

by freeze-drying using the same parameters mentioned above. The Maillard reaction 

products are defined as conjugates of CMCh and peptides. CMCh-HP denotes the 

conjugates of CMCh and hemp seed peptides. CMCh-MP denotes the the conjugates 

of CMCh and maize peptides. CMCh-CP denotes the conjugates of CMCh and casein 

peptides. 

 

2.3. Physicochemical properties of carboxymethyl chitosan-peptide conjugates 

 

The free amino groups in mixtures or conjugates were determined by 

o-Phthaldialdehyde (OPA) method as described in our previous study [15]. Briefly, 

200 μL sample solution (2 mg/mL) was incubated with 4 mL of OPA reagent at 35 ℃ 

for 2 min and the absorbance at 340 nm was measured by using Spark 10M 

spectrophotometer (Tecan, Switzerland) to obtain the content of free amino groups. 

The lysine and arginine contents in the mixtures or conjugates were determined as 

described in Section 2.1. The decrease of free amino groups, lysine and arginine were 

calculated and used to evaluate degree of grafting. The absorbance of the conjugates 

(5 mg/mL) was measured at 420 nm as browning index. The L (lightness), a* (redness 

and greenness) and b* (yellowness and blueness) of conjugates were measured by 
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using a Hunter-Lab colorimeter (Reston, VA). To obtain the intrinsic tryptophan (Trp) 

fluorescence, conjugates solution (1 mg/mL) were excited at 285 nm and emission 

spectra were recorded from 300 to 600 nm by using Spark 10M spectrophotometer. 

The emulsifying activity index (EAI) and emulsion stability index (ESI) of conjugates 

were measured according to our previous study [16]. Briefly, 30 mL sample solution 

(2 mg/mL) and 10 mL oil were mixed and homogenized to obtain the emulsion. The 

EAI and ESI were measured immediately or 10 min after homogenization at 500 nm.   

 

2.4. Preparation of nanoemulsions stabilized by the carboxymethyl chitosan-peptide 

conjugates 

 

The conjugates (2 g) and glycerol (0.2 g) were dissolved in 100 mL distilled water by 

stirring for at least 12 h (4 °C). To prepare coarse emulsion, the essential oil (0.15 g) 

was added into the above solution and homogenized by using a homogenizer (FM200, 

FLUKO, China) operating at 10,000 rpm for 2 min. The coarse emulsion was further 

homogenized using ultrasound equipment (NingBo Scientz Biotechnology Co. Ltd., 

China) with a 0.636 cm diameter titanium probe at 400 W for 10 min. The fine 

emulsion was degassed by vacuuming (KEWEI, China) for at least 30 min.   

 

2.5. Characterization of nanoemulsions 

 

The droplet size and zeta potential of the nanoemulsions were measured by using a 
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nanosizer (Zetasizer Nano ZS90, Malvern Instruments Ltd., Malvern, UK). The 

refractive index and absorption parameter of water were 1.330 and 0.001, respectively. 

Cytotoxicity was determined by measuring the viability of cells in the presence of 

nanoemulsions following our previous study with minor modification [17]. HT-29 

cells were seeded on 96-well plates and cultured for 72 h. Then, the cell culture 

medium was removed from each well. The 100 μL nanoemulsions diluted in 100 μL 

DMEM were added to each well, and the cells were incubated at 37 ℃ for 4 h. Finally, 

cell viability was determined by using the 3-[4, 5-Dimethylthiazol-2-yl]-2, 

5-diphenyltetrazolium bromide (MTT) assay.   

 

2.6. Preparation of nanoemulsion based films 

 

The nanoemulsion based films were prepared by casting 60 g of nanoemulsions on 

leveled polytetrafluoroethylene plates (42×42 cm) and then dried at 30 °C and 43 % 

relative humidity using KBF720 chamber for 18 hours. 

 

2.7. Characterization of films 

 

The L, a* and b* of films were measured by using colorimeter and the lightness was 

calculated from those parameters according to equation 1.  

Lightness = 100 − √(100 − 𝐿2) + 𝑎∗2 + 𝑏∗2     (1) 

The transparency of films was obtained by measuring the transmittance of light 
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through the film at 600 nm. The thickness of films was measured by using micrometer 

with the accuracy of 1 μm. The films were sealed on top of a permeation cup (open 

mouth of area: 1.33 ×10
-4

 m
2
) filled with anhydrous silica gel, and kept in a ventilated 

chamber maintained 75% at 25 °C. The cups were weighed at 2 h intervals and the 

water vapor permeability (WVP) was measured according to equation 2.  

WVP =
∆𝑚×𝑥

∆𝑡×𝐴×∆𝑃
  (2) 

Where, Δm is the weight gain (g) of the cups during time Δt (s), x is the thickness of 

film (m), A (m
2
) is the area of open mouth and ΔP (Pa) is the water vapor pressure 

differential across the film. 

The oxygen barrier property was measured using an indirect method according to 

previous studies and the peroxide value (PV) was used to evaluate the oxygen barrier 

property of films [18, 19]. Deionized water (5 𝜇L) was dropped on the films (20 ×20 

mm) and the image was recorded to calculate the contact angle. The film was cut into 

rectangular strips (25 ×100 mm) and mechanical properties were measured by Rapid 

TA texture analyzer (Shanghai Tengba Instrument Co., Ltd, China) with an initial grip 

separation of 50 mm, a crosshead speed of 1 mm/s and using a load cell of 5 kg.   

The films (2 cm× 2 cm) were scanned using IS5 spectroscope (Thermal Fisher 

Scientific, USA) with a horizontal ATR to obtain Fourier transform infrared spectra 

(FTIR) in the wavenumber range of 4000−500 cm 
−1

. X-ray diffraction (XRD) pattern 

of films (2 cm× 2 cm) were recorded using Ultima IV X-ray diffractometer (Rigaku, 

Japan) in the range of 10 to 80
◦
(2θ). To study the thermal properties, the films (3-6 mg) 

were heated at a rate 10 °C min
−1

 in an aluminum pan from 30 to 200 °C under N2 
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atmosphere and the differential scanning calorimetry (DSC) curves were obtained by 

using thermal analyzer (TA Instruments, USA). The films (5 mg) were heated at a rate 

10 °C min
−1 

from 30 to 700 °C and thermogravimetric (TG) curves were obtained by 

using STA 2500 thermal analyzer (NETZSCH-Gerätebau GmbH, Germany). The 

surface and cross section morphology of films were obtained using SU8010 scanning 

electron microscope (HITACHI, Japan) at 5.0 kV acceleration voltage. 

Indoor soil burial degradation was performed according to an earlier study with minor 

modification[20]. Films were cut into 1×1 cm size and buried in 500 g of moist soil 

collected from Nanjing University of Chines Medicine campus. The height of the soil 

bed was 20 cm and the films were placed at the depth of 10 cm. The soil bed and the 

samples were kept in a ventilated chamber maintained at 75 % RH and 25 °C for 

30 days. After set degradation period, films were taken out from soil, rinsed with 

water to remove adhered soil, and dried at room temperature for 24 h. The 

microstructure of films was observed by microscope (DM2500, Leica, Germany). 

 

2.8. Application of films to preserve blueberries 

 

The blueberries were wrapped with one-layer of test films (10 cm × 10 cm) and stored 

at 4°C for 12 days. Weight loss and total soluble solids were measured according to 

Zhou et al.[21]. Briefly, weight loss during the storage was calculated by subtracting 

sample weight at specific time intervals (0, 4, 8 or 12 days) from their initial weight 

and presented as percentage. The portable refractometer (Suwei, China) was used to 
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determine the total soluble solids of the blueberry homogenates at specific time 

intervals (0, 4, 8 or 12 days). To evaluate the firmness, blueberry was punctured with 

a needle like probe by using Rapid TA texture analyzer. The firmness was obtained at 

speed of 1 mm/s and a load cell of 5 kg.  

  

2.9. Statistical analysis 

 

All of the tests mentioned above were performed in triplicate and the data obtained 

were analyzed by one-way analysis of variance using SPSS for Windows version 17.0 

(IBM, USA). Values are expressed as mean ± standard deviation. Duncan’s multiple 

range test was used to identify significant difference between two mean values at 95% 

confidence level (p<0.05). 

 

3. Results and discussion 

 

3.1. Physicochemical properties of CMCh-peptide conjugates 

 

3.1.1 Degree of grafting 

 

Maillard reaction between proteins and polysaccharides reduces the number of free 

amino groups. It has also been shown that free amino groups taking part in the 

grafting reaction mainly came from lysine and arginine of the proteins. Therefore, the 
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extent of decrease of free amino groups, and lysine and arginine in conjugates was 

used as an indicator of extent or progress of Maillard reaction. In general, the rate of 

Maillard reaction depends on the type of protein or polysaccharide used, the 

protein-to-polysaccharide ratio, and the reaction conditions (e.g. temperature, 

humidity and time). As shown in Fig. 1 A, the CMCh-CP conjugates possessed much 

higher DG values than CMCh-MP or CMCh-hemp peptide (HP) conjugates at the 

same reaction conditions, which indicated that the grafting reaction between CMCh 

and casein peptides progressed much faster than maize or hemp seed peptides. The 

higher Maillard reaction rate between CMCh and CP can be attributed to the lower 

molecular weight of casein peptides (350 Da, as shown in supplementary material 

Figure S2). Flexible structure and small size of casein peptides facilitates give rise to 

high mobility and faster reaction with CMCh. Previous studies have shown that a 

molecule with greater flexibility and mobility can much readily undergoes grafting 

reaction [14, 22].  

 

3.1.2 Browning index 

 

The grafting reaction between of proteins and polysaccharides can result into 

increased color intensity. Therefore, the browning index has been also widely used to 

quantify the degree of the grafting reaction [23]. As shown in Fig. 1 B, browning 

index in conjugates was much higher than in mixtures or the CMCh, which suggested 

that the peptides were grafted with CMCh. Furthermore, the browning index in 
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CMCh-CP conjugates was higher than in CMCh-MP or CMCh-HP conjugates. This 

result also indicated that the reaction between chitosan and casein peptides progressed 

to a greater degree, which is consistent with the observation made through DG values. 

 

3.1.3 Color parameters 

 

The color of conjugates was also measured by CIE Lab parameters. As shown in Fig. 

1 C, the grafting reaction led to a decrease of lightness and an increase of redness and 

yellowness, which was also a clear indication of Maillard reaction taking place [15].  

 

3.1.4 Fluorescence intensity 

 

The intrinsic fluorescence can be used as an indicator of changes in protein tertiary 

structure and loss of amino group [24]. As shown in Fig. 1 D, the fluorescence 

intensity in conjugates was lower than in mixtures. The decrease in fluorescence 

intensity can be be attributed to the shielding effect of CMCh. It is assumed that Trp 

in conjugates is surrounded by larger number/amount of CMCh than in mixtures. On 

the other hand, the shielding effect in conjugates was stronger than in mixtures due to 

the fact that conjugates exhibited greater steric hindrance than mixtures [10]. 

Moreover, the CMCh-CP conjugates showed lower fluorescence intensity than 

CMCh-MP or CMCh-HP conjugates, which can be attributed to the higher degree of 

grafting CMCh-CP conjugates. This result indicated that the shielding effect increased 
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when a greater number of peptides was attached to CMCh. 

 

3.1.5 Molecular interactions 

 

The infrared spectra can be used to gain insight on the interactions between 

carboxymethyl chitosan and peptide molecules. As shown in Fig. 1 E, the band 

appearing at 3420 cm
-1

 in mixtures or conjugate shifted to lower wavenumber, which 

indicated that the incorporation of peptides or grafting with peptides could affect the 

hydrogen bonds in carboxymethyl chitosan [25]. In the case of conjugates a new peak 

was observed at 1569 cm
-1 

which can be attributed to the C=N stretching vibration 

originated from Maillard reaction between OH groups of CMCh and amino groups of 

peptides [6]. This result further confirmed that CMCh and peptides were successfully 

conjugated. 

 

3.1.6 Emulsifying properties 

 

As shown in Fig. 1 F, the EAI and ESI values of CMCh were improved remarkably 

after grafting with peptides. Th peptide residues attached on carbohydrate chain could 

rapidly adsorb to the oil-water interface which leads to greater stability of emulsions 

(higher EAI). Similar results have been observed in soy protein-gum acacia, peanut 

protein-glucomannan and buckwheat protein-dextran conjugates [14, 15, 26]. Gum 

acacia can be used as another example to explain this phenomenon that the presence 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

16 

 

of peptides residue is the reason why gum acacia exhibits excellent emulsifying 

properties [27]. The improvement in ESI could be attributed to the tendency of 

conjugates to be closely packed and form thicker layer at the water-oil interface [28]. 

Moreover, CMCh-CP conjugates showed better emulsifying properties than 

CMCh-MP and CMCh-HP conjugates. This could be due to the fact that higher 

number of casein peptides were grafted to the CMCh chain (higher degree of grafting) 

and highly surface-active nature of CP, both of which make the CMCh-CP conjugates 

absorb to a greater degree at water-oil interface more rapidly and form a thicker 

interfacial layer.    

 

3.2. Properties and cytotoxicity of film-forming nanoemulsions 

 

Nanoemulsions can be prepared by using ultrasound, high pressure and rotor-stator 

type homogenization, and high pressure microfluidisation [29]. Among these methods, 

ultrasound homogenization is increasingly favored due to its simple and easy operation, 

high energy efficiency, affordability, and ability to produce stable emulsions. As shown 

in Fig. 2 A, emulsions stabilized by conjugates size (diameter) in the range of 200-500 

nm, which is in accordance with the definition of nanoemulsions [30]. However, the 

size of emulsions stabilized by CMCh or its mixture with peptides were much higher 

(in the range of 901-937 nm), which might be due to insufficient amount of emulsifier 

absorbed at water-oil interface. Previous study has shown that the insufficient 

concentration of an emulsifier could result in emulsions with larger diameter [10]. As 
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compared with mixtures, conjugates exhibited higher degree of adsorption at the 

oil-water inter face, which could be attributed to the conjugates’ ability to occupy 

higher proportion of interfacial area than mixtures due to their compact size [26]. 

Moreover, the nanoemulsions stabilized by conjugates also showed the decrease in 

surface charge (zeta potential) (Fig. 2 A), as compared with mixtures or 

carboxymethyl chitosan due to conjugation between CMCh and peptides. Previous 

studies have also shown that the complexation or conjugation between protein and 

polysaccharides can lead to a decrease or neutralization of surface charge [26, 28, 31]. 

In addition, the nanoemulsions stabilized by CMCh-CP conjugates showed smaller 

particle size and lower surface charges than CMCh-MP and CMCh-HP conjugates. 

This can be attributed to the higher degree of grafting (higher DG value) in CC-CP 

conjugates which enable them to absorb at the oil-water interface to a greater degree 

due to the reduction of electrostatic repulsion and also an increase in interface activity 

[26] .  

The cytotoxicity of nanoemulsions to monolayer of HT 29 cells is shown in Fig. 2 B. 

It was found that there was no significant difference in the viability of cells among the 

different nanoemulsions. These results indicated that nanoemulsions had low toxicity 

and good biocompatibility and can be used to prepare edible films.   

 

3.3. Physical properties of films 

 

3.3.1. Lightness, transparency, thickness, water vapor permeability, surface 
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hydrophobicity and mechanical properties 

 

The films produced using conjugate stabilized nanoemulsions showed lower lightness 

value than those stabilized by CMCh and mixtures, which could be attributed to the 

presence of brown-colored compounds produced by Maillard reaction (Fig. 3A). This 

is consistent with earlier report that the films made of protein-polysaccharide 

conjugates had lower lightness than films made of protein/polysaccharide mixtures 

[32]. The type or nature peptides used significantly affected the lightness of 

conjugates films and the CMCh-CP films showed the lowest lightness, which could be 

due to the highest DG values in these conjugates.  

As shown in Fig. 3 B, films produced by using emulsions stabilized by conjugates 

showed a decrease in transparency comparing with films produced by 

mixture-stabilized emulsions. Previous study has also shown that transparency of 

nanoemulsions-based films could be affected by film thickness and distribution of oil 

in the films [9]. As shown in Table 1, the thickness of films produced by 

conjugate-stabilized emulsions was not significantly (P > 0.05) different compared to 

those produced using mixture-stabilized emulsions. Therefore, the decrease in 

transparency in these films can be attributed to the distribution of oil in the films. As 

observed in Fig. 2, the particle (droplet) size of nanoemulsions stabilized by 

conjugates was much lower than nanoemulsions stabilized by mixtures, indicating 

that the oil was more evenly distributed in these films and eventually affecting the 

light scattering and transparency [11]. The presence of brown-colored compounds in 
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films produced by conjugate-stabilized emulsions is also expected to scatter and 

absorb light differently and then affect the film’s transparency. Previous study has 

shown that the incorporation of pigmented compounds decreased the film’s 

transparency [33]. The transparency of films was also affected by the type (nature) of 

peptide used and that the lowest transparency was observed in CMCh-CP films. This 

is because CMCh-CP conjugates possessed higher browning index than other 

conjugates and the nanoemulsions stabilized by CMCh-CP conjugates showed lower 

particle size (and better oil distribution) than those stabilized by other conjugates. In 

addition, the appearance of films was consistent with the lightness and transparency 

(Fig. 3 C).  

As shown in Table 1, films produced using emulsions stabilized by conjugates showed 

lower WVP comparing to the ones produced by mixture-stabilized emulsions. In 

general, the water vapor barrier properties of emulsion-based films depend on surface 

hydrophobicity and intermolecular interactions. Our data showed that the contact 

angle of the films prepared using conjugate-stabilized emulsion was not significantly 

(P > 0.05) different compared to those produced using emulsions stabilized by the 

mixtures (Table 1). Therefore, the decrease in WVP could be attributed to the 

conjugation between CMCh and peptides which produces more compact structure 

than mixtures. Previous studies have shown that conjugation between proteins and 

polysaccharides or incorporation of cross-linker improves the water vapor barrier 

properties of films by consolidation of the network structure [32, 34]. The films 

prepared from conjugate-stabilized emulsions also showed lower PV compared to the 
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ones prepared from mixture-stabilized emulsions (Table 1), indicating an 

improvement in oxygen barrier property. This improvement of oxygen barrier 

property can also be attributed the more compact structure induced by enhanced 

molecular interaction in conjugates. Previous study showed that greater molecular 

interaction between components in the films resulted into close-knit (compact) 

network in films which ultimately resulted into increased oxygen barrier [21]. The 

films produced by CMCh-CP conjugate stabilized emulsions showed the lowest WVP 

and the best oxygen barrier property than other films, which can be related to higher 

degree of covalent crosslinking between CMCh and CP.  

Incorporation of peptides increased the tensile strength in films compared to that of 

the control (CMCh films) (Table 1). This increase can be due to the formation of 

noncovalent bonds (electrostatic and/or hydrogen bonds) between the carboxymethyl 

chitosan and peptides. Noncovalent bonds helped create a more rigid network, thereby 

increased the tensile strength of the films. This is consistent with previous study that 

more compact network in films increases the tensile strength [35]. As compared with 

the films prepared from emulsions stabilized by mixtures, the ones prepared from 

emulsion stabilized by conjugates possessed higher tensile strength, which indicated 

that the Maillard reaction induced glycation further enhanced the intermolecular 

interactions. It is likely for flexibility (elongation) to decrease when the tensile in 

packaging films increases [11]. This theory was confirmed by our data that mixtures 

films possessed lower flexibility than that of control (CMCh films). However, the 

films produced using CMCh-peptide conjugates showed higher tensile strength as 
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well as the flexibility (EB) than those prepared from mixtures. The increase in 

flexibility can be attributed to the much smaller droplet size and more uniform 

distribution of essential oil film-forming nanoemulsions. This observation is 

consistent with previous study that droplet size of film-forming nanoemulsions could 

affect the flexibility of films by changing the distribution of oil in film matrix [9].    

 

3.3.2. Chemical interactions among the components of the films  

 

The FTIR spectra of all the tested films along with marked peaks of interest are 

presented in Fig. 4A. The peaks at around 1550 cm
-1

 and 1410 cm
-1

 are attributed to 

antisymmetric and symmetric vibrations for COO- group, respectively [21]. The peak 

at around 1042 cm
-1

 is attributed to C-O-C groups. When compared with CMCh films, 

incorporation of peptides decreased the intensity of band at 1550 cm
-1

, which can be 

attributed to the interaction between carboxyl group of chitosan and amino group of 

peptides. The intensity of band at 1550 cm
-1

 in films produced from CMCh-conjugate 

stabilized emulsion was weaker than mixtures films produced using 

mixture-stabilized emulsions, which can be attributed to the crosslinking induced by 

Maillard reaction [36]. The intensity of band at 3265 cm
-1 

was lower in films 

produced by emulsions stabilized by mixture and conjugate when compared with that 

in CMCh films, indicating that the intramolecular hydrogen bonds in CMCh might be 

disrupted. This could be attributed to the formation of new interactions between 

CMCh and peptides.  
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3.3.3. X-ray diffraction patterns 

  

As shown in Fig. 4 B, the CMCh films exhibited diffraction peak (2) at 20
◦
, which 

could be attributed to the characteristic structure of CMCh [37]. The diffraction peak 

became sharper and shifted to the left after incorporation of peptides. This shift 

indicated that incorporation of peptides altered the native crystalline domains of 

CMCh. This alteration could be attributed to intermolecular interactions between 

CMCh and peptides. Moreover, the diffraction peak in conjugates films was sharper 

than that in mixtures films, which could be attributed to the crosslinking induced by 

Maillard reaction. This also explains why WVP was significantly lower in these films. 

As crystalline domains are less permeable to water vapor transfer 

 

3.3.4. Thermal properties  

 

CMCh films (Fig. 4C) exhibited two main stages of mass loss. The initial loss below 

150 ℃ was due to the evaporation of moisture and volatilization of essential oil [18]. 

The second mass loss at 150-300 ℃ was associated with the evaporation of glycerol 

and the thermal degradation of CMCh [21]. Three stages of degradation were 

observed in the films produced from emulsions stabilized by mixtures or conjugates. 

The initial mass loss below 100 ℃ can be attributed to the loss of moisture due to 

evaporation. In this stage, the temperature at which peak (highest level) vaporization 
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occurred was higher in the films produced using conjugate-stabilized emulsions than 

those produced using emulsions stabilized by mixtures. This can be attributed to the 

covalent conjugation induced crosslinking between CMCh and peptides, which has 

led to the formation of compact structure. This result is consistent with the 

observation made on DSC data (Fig. 4 D) that the endothermic peak shifted to higher 

temperature in conjugates films as compared with films produced using mixtures. The 

second stage of mass loss occurring between 150 and 250 ℃ can be attributed to the 

volatilization of essential oil and evaporation of glycerol. The films produced from 

conjugate-stabilized emulsions also showed higher temperature for volatilization of 

essential oil evaporation of glycerol evaporation as compared with the films produced 

using mixture-stabilized emulsions. The third stage of mass loss observed between 

250
o
C and 350 ℃ can be attributed to the decomposition of CMCh and peptides [25, 

38]. In this stage, the films produced from emulsions stabilized by CMCH-CP 

conjugates exhibited higher temperature of maximum degradation (Tmax) than others, 

which indicated the better thermal resistance in the former. This higher thermal 

stability can be attributed to the covalent crosslinking between CMCh and casein 

peptides. 

 

3.3.5. Microstructure of films 

 

As shown in Fig. 5, incorporation of peptides or covalently crosslinked conjugates 

had no effect on the surface of films, which also helps explaining why all of these 
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films had similar surface hydrophobicity (Table 1). Previous studies have shown that 

the surface hydrophobicity of films depend on the microstructure of films and the 

rougher surface can lead to higher surface hydrophobicity [11, 33]. The 

microstructure of the film (seen from cross section) was greatly affected by 

incorporation of peptides as well as the covalently crosslinked conjugates. A 

multilayered structure and phase separation were observed in in films produced from 

CMCh-stabilized emulsions. This observation corroborates the higher loss of moisture 

and essential oil in these films than others (Fig. 4 C). The phase separation was not 

observed in films produced using emulsions stabilized by mixtures; however, 

non-uniform distribution of oil droplet was observed. When compared with these 

films (produced from emulsions stabilized by mixtures) the structure (observed 

through cross section) of films produced using emulsions stabilized with conjugates 

was more compact and uniform, which can be attributed to the enhanced 

intermolecular interaction and better emulsifying properties of conjugates. This 

greatly compact and uniform structure also explained why films produced from 

conjugate stabilized emulsions exhibited better barrier and mechanical properties 

(Table 1).  

 

3.6. Biodegradability of the films 

 

Microstructure of all the films before and after 30 days of soil burial are shown in 

Fig. 6. Overall, all the films lost their initial appearance and structural integrity and 
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showed rougher and eroded surface morphology with dip pits, eroded region and 

cracks indicating a considerable level of biodegradation caused by microorganisms 

present in the soil. Therefore, all the films can be considered as biodegradable in 

nature. This observation is also supported by the fact that each of the components of 

the films are from biological source and are known to be biodegradable. 

 

3.7. Application of films on the preservation of blueberry 

 

The weight loss of fruits, induced by transpiration and respiration, leads to shrinkage 

and deterioration of fruits [39]. As shown in Fig. 7 A, all blueberry samples showed 

the continuous weight loss during storage. The unpackaged sample (control) showed 

higher weight loss than the samples wrapped in films, due to direct exposure to the 

environment. The weight loss slowed down in packaged samples, due to the moisture 

barrier property of the films. As compared with the films produced using 

mixture-stabilized emulsions, the ones produced using conjugate-stabilized emulsions 

showed significantly reduced weight loss and the CMCh-CP based films showed the 

lowest weight loss. This substantial reduction in weight loss can be attributed to the 

better barrier properties of conjugates films than other films. It is expected for the 

films with lower gas and vapor penetrability to reduce the weight loss in fruits and 

vegetables during the storage [21]. The weight loss was also intuitively reflected in 

supplementary material (Figure S3) that there was obvious shrinkage on the surface of 

blueberries coated with CMCh or CMCh/peptides films.  
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The firmness of all the blueberry samples showed a decreasing trend during storage 

(Fig. 7 B) which can be attributed to deterioration of cell wall components [40]. 

Blueberry samples packed in films slowed down the loss of firmness. The 

preservation of firmness could be attributed to slowing of the metabolic activity and 

maturation process. The coating with films is shown to retard maturation process of 

fruits by restricting the gas and moisture exchange though skin of fruits [41]. Among 

packaged blueberries, the firmness of samples packaged with conjugate films 

decreased more slowly than those packaged with mixed matrix. This could be 

attributed to the better barrier properties of conjugate matrix (Table 1).  

Total soluble solids are widely used as an indicator of fruits ripening. The total soluble 

solids of all samples (Fig. 7 C) showed an increasing trend during the storage due to 

the hydrolysis of cell wall induced by increased respiration and microbial action. 

Packing of the blueberry samples in films slowed down the increase in total soluble 

solids during storage, which can be attributed to the barrier and antimicrobial 

properties of films. Previous study has shown that films with good antimicrobial and 

oxygen barrier properties were able to slow down the respiration and hydrolysis of 

tissues in fruits [21]. The antimicrobial activity of films can be attributed to the 

presence of camellia essential oil. It is shown that the phenolic compounds in 

camellia essential oil inhibit the growth of microorganism by binding with protein 

binding and inhibiting enzyme of microorganism [42]. The total soluble solids of 

blueberries packaged in conjugates films showed the slowest increasing trend than 

those packaged in CMCh and peptide mixture films, which could be attributed to the 
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better barrier (Table 1) and antimicrobial properties of the former. Previous study has 

shown that the Maillard reaction products from maize peptides and saccharide 

exhibited noteworthy antimicrobial activity [43]. 

 

4. Conclusion 

 

The carboxymethyl chitosan (CMCh) was conjugated with three type of peptides 

through Maillard reaction. The conjugation reaction between CMCh and casein 

peptides was much faster than hemp seed or maize peptides. The nanoemulsions 

stabilized by CMCh-casein peptide conjugates had the smallest droplet and excellent 

emulsifying properties. The better emulsifying properties of CMCh-casein peptide 

conjugates and resulting small droplet size produced nanoemulsions-based films with 

more compact and homogeneous structure due to the more uniform distribution of oil 

droplets and enhanced molecular interaction. The films produced using emulsions 

stabilized by CMCh-peptide conjugates exhibited better barrier properties, mechanical 

properties and thermal resistance. The films produced using conjugates of 

CMCh-casein peptides by incorporating essential oil were also effective in extending 

the shelf-life of blueberry. 
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Figure captions:  

 

Fig. 1 Degree of grafting (A), browning index (B), color parameters (C), fluorescence 

intensity (D), FTIR spectra (E) and emulsifying properties (F) of carboxymethyl 

chitosan (CMCh), mixtures of CMCh and peptides and conjugates of CMCh-peptide. 

CMCh/HP: mixtures of CMCh and hemp seed peptides (HP); CMCh-HP: conjugates; 

CMCh /MP: mixtures of CMCh and maize peptides (MP); CMCh -MP: conjugates; 

CMCh /CP: mixtures of CMCh and casein peptides (CP); CMCh-CP: conjugates. 

Results having different letters in same pattern are significantly different (p < 0.05). 

 

Fig. 2 Size and zeta potential (surface charge) of nanoemulsions stabilized by 

carboxymethyl chitosan (CMCh), mixtures of CMCh and peptides and CMCh-peptide 

conjugates. CMCh/HP: mixtures of CMCh and hemp seed peptides (HP); CMCh-HP 

conjugates; CMCh/MP: mixtures of CMCh and maize peptides (MP); CMCh-MP 

conjugates; CMCh/CP: mixtures of CMCh and casein peptides (CP); CMCh-CP 

conjugates. Results having different letters in size and zeta potential data are 

significantly different (p < 0.05). 

 

Fig. 3 Lightness (A), transparence (B) and image (C) of nanoemulsions-based films 

prepared by carboxymethyl chitosan (CMCh), mixtures of CMCh and peptides and 

CMCh-peptide conjugates. CMCh/HP: mixtures of CMCh and hemp seed peptides 
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(HP); CMCh-HP conjugates; CMCh/MP: mixtures of CMCh and maize peptides 

(MP); CMCh-MP conjugates; CMCh/CP: mixtures of CMCh and casein peptides 

(CP); CMCh-CP conjugates. Results having different letters in same pattern are 

significantly different (p < 0.05). 

 

Fig. 4 FTIR spectra (A), XRD patterns (B), DTG thermograms (C) and DSC curves 

(D) of nanoemulsions-based films prepared by carboxymethyl chitosan (CMCh), 

mixtures of CMCh and peptides and CMCh-peptide conjugates. CMCh/HP: mixtures 

of CMCh and hemp seed peptides (HP); CMCh-HP conjugates; CMCh/MP: mixtures 

of CMCh and maize peptides (MP); CMCh-MP conjugates; CMCh/CP: mixtures of 

CMCh and casein peptides (CP); CMCh-CP conjugates. 

 

Fig. 5 SEM images of the surface and cross section of nanoemulsions-based films 

prepared by carboxymethyl chitosan (CMCh), mixtures of CMCh and peptides and 

CMCh-peptide conjugates. CMCh/HP: mixtures of CMCh and hemp seed peptides 

(HP); CMCh-HP conjugates; CMCh/MP: mixtures of CMCh and maize peptides 

(MP); CMCh-MP conjugates; CMCh/CP: mixtures of CMCh and casein peptides 

(CP); CMCh-CP conjugates. 

 

Fig. 6 Microstructure of nanoemulsions-based films prepared by carboxymethyl 

chitosan (CMCh), mixtures of CMCh and peptides and CMCh-peptide conjugates at 

day 0 and after 30 days buried in soil. CMCh/HP: mixtures of CMCh and hemp seed 
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peptides (HP); CMCh-HP conjugates; CMCh/MP: mixtures of CMCh and maize 

peptides (MP); CMCh-MP conjugates; CMCh/CP: mixtures of CMCh and casein 

peptides (CP); CMCh-CP conjugates. 

 

Fig. 7 Weight loss (A), firmness (B) and total soluble solids (C) of blueberry coated 

with nanoemulsions-based films prepared by carboxymethyl chitosan (CMCh), 

mixtures of CMCh and peptides and CMCh-peptide conjugates. CMCh/HP: mixtures 

of CMCh and hemp seed peptides (HP); CMCh-HP conjugates; CMCh/MP: mixtures 

of CMCh and maize peptides (MP); CMCh-MP conjugates; CMCh/CP: mixtures of 

CMCh and casein peptides (CP); CMCh-CP conjugates. 
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Table 1 Thickness, water vapor permeability (WVP), peroxide value (PV), contact angle, 

tensile strength (TS) and elongation at break (EB) of nanoemulsions- based films prepared by 

carboxymethyl chitosan (CMCh), mixtures of CMCh and peptides and CMCh-peptide 

conjugates. 

Sample 

Thicknes

s 

 (μm) 

WVP 

 

g/(m∙s∙Pa)×10
-9

 

PV 

(meq/kg) 

Contact 

angle  

(
0
) 

TS  

(MPa) 

EB 

 (%) 

CMCh 
65.6±2.1

a
 

1.91±0.05
cd

 90. 

51±2.16
c
 

71.55±3.04
 

a
 

1.83±0.13
a 

 
90.4±3.6

d 
 

CMCh 

/HP 
68.7±3.0

a
 

1.97±0.05
d
 94.21±2.67

c
 

73.47±3.67
 

a
 

4.39±0.31
c 

 
60.0±4.1

a 
 

CMCh-H

P 
68.2±1.9

a
 

1.84±0.02
b
 87.69±2.07

b
 

74.56±4.06
 

a
 

6.15±0.39
d 

 

 

110.0±5.7
e 

 

CMCh/M

P 
70.1±5.1

a
 

1.94±0.04
d
 93.57±4.98

c
 

74.88±1.96
a
 

3.28±0.17
b
 

70.2±2.9
b
 

CMCh-M

P 
68.9±1.8

a
 

1.85±0.03
bc

 82.87±3.47
b
 

75.38±3.99
 

a
 

6.45±0.22
d
 

113.3±6.7
e
 

CMCh/CP 
71.6±4.1

a
 

1.92±0.05
d
 96.59±3.14

c
 

73.47±4.06
 

a
 

4.51±0.24
c 

 
80.9±4.8

c 
 

CMCh-CP 
66.5±3.6

a
 

1.54±0.04
a
 70.34±3.41

a
 

78.19±4.05
 

a
 

7.76±0.31
e
 

130.9±6.0
f
 

CMCh/HP: mixtures of CMCh and hemp seed peptides (HP); CMCh-HP conjugates; CMCh/MP: 

mixtures of CMCh and maize peptides (MP); CMCh-MP conjugates; CMCh/CP: mixtures of 

CMCh and casein peptides (CP); CMCh-CP conjugates. 

Results having different letters within a column are significantly different (p < 0.05). 
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