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RESUMO 

 

Coelho, Caroline Corrêa de Souza. DESENVOLVIMENTO E CARACTERIZAÇÃO DE 

COMPÓSITOS POLIMÉRICOS PARA APLICAÇÃO COMO REVESTIMENTO EM PÓS-

COLHEITA DE MORANGOS (Fragaria ananassa Duch.). Rio de Janeiro, 2019. Tese 

(Doutorado em Ciência de Alimentos). Instituto de Química, Universidade Federal do Rio de 

Janeiro.  

 

A demanda por produtos feitos a partir de recursos sustentáveis com recursos renováveis e 

biodegradáveis tornou-se parte importante do esforço para reduzir o impacto das embalagens 

de alimentos no meio ambiente. Neste contexto, a busca de tecnologias mais eficazes para a 

preparação de biocompósitos deve ser abordada visando melhores propriedades do filme. Em 

um primeiro momento este trabalho teve como objetivo avaliar duas concentrações de celulose 

microcristalina comercial (MCC) aplicadas em filmes de amido e de quitosana, a aplicação de 

campo elétrico moderado (MEF) e banho de ultrassom. Observou-se que a adição de diferentes 

concentrações de MCC e a aplicação de MEF foram responsáveis por alterações nas 

propriedades dos filmes, sendo esse efeito dependente do polissacarídeo utilizado. O uso de 

MEF foi eficiente na diminuição da permeabilidade ao vapor de água em filmes à base de 

quitosana sem MCC, bem como na produção de filmes com superfície mais hidrofóbica. A 

adição de MCC promoveu filmes mais opacos, rígidos, menos flexíveis e menos hidrofóbicos. 

Filmes à base de amido e MEF apresentaram-se mais hidrofílicos com menor resistência à 

tração e módulo de Young. Os filmes com MCC apresentaram-se mais opacos, menos flexíveis 

e menos hidrofílicos que os filmes puros. Os compósitos apresentaram boas propriedades 

térmicas, o que aumenta o seu potencial de uso como materiais de embalagem. Portanto, a 

incorporação de MCC em filmes à base de polissacarídeos, bem como a aplicação de MEF, 

mostrou ser uma abordagem interessante para alterar as propriedades dos filmes. A 

vitivinicultura envolve a geração de quantidades significativas de resíduos sólidos, como o 

bagaço de uva, sendo atraente o aproveitamento desse subproduto como matéria-prima para o 

desenvolvimento de novos materiais com capacidade de melhorar o desempenho de 

embalagens. Assim, este trabalho buscou obter, caracterizar e avaliar a aplicação de nanocristais 

de celulose provenientes do bagaço de uva. O bagaço de uva Pinot Noir foi submetido a um 

pré-tratamento químico associado à hidrólise ácida e tratamento por ultrassom para obtenção 

de nanocristais de celulose (CNC) com 80,1% de celulose recuperado do bagaço. Este 

nanomaterial foi caracterizado apresentando estruturas em forma de agulha, suspensões 

dispersas, cristais com alta razão de aspecto, elevada cristalinidade e estabilidade térmica. Em 

seguida, nanocristais de celulose provenientes do bagaço de uva Alicante Bouschet obtidos por 

hidrólise ácida foram caracterizados e adicionados em soluções filmogênicas a base de amido 

(1, 2, 5, 10 e 15g/100g de amido). Os resultados deste ensaio evidenciaram um aumento 

contínuo do índice de cristalinidade na celulose purificada e nos CNCs obtidos, confirmando a 

remoção progressiva de materiais não-celulósicos amorfos (lignina, hemicelulose e outras 

impurezas), presentes no bagaço. CNCs adicionados a matriz de amido produziram filmes com 

menor permeabilidade ao vapor d’água e a adição de até 10% formou filmes menos hidrofílicos. 

Filmes com 5 a 15% de CNCs apresentaram-se mais opacos e com melhoria na resistência à 

tração e ao módulo de Young. A incorporação de CNC melhorou as propriedades mecânicas e 

diminuiu a permeabilidade ao vapor d’água, características importantes para materiais de 

embalagens alimentícias. Desta forma, um estudo de caso foi elaborado com a aplicação destas 

soluções filmogênicas como revestimento em morangos cultivar Mohaven. O revestimento 

contendo apenas o amido reduziu a perda de peso dos frutos. O reforço com CNC não melhorou 

as propriedades de barreira ao vapor de água nos frutos. A adição de CNCs nas soluções 

filmogênicas manteve as propriedades físicas e químicas dos morangos bem como as 

https://academic.oup.com/aob/article-abstract/30/4/587/150362


características da cor nos frutos revestidos em até 12 dias e manteve a qualidade microbiológica  

até o último dia de avaliação. Desta forma, novas pesquisas devem ser recomendadas para 

utilização dos nanocompósitos propostos. 

 

Palavras chave: resíduo agroindustrial, revestimentos comestíveis, nanocompósitos, pós-

colheita, aquecimento ôhmico. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

Coelho, Caroline Corrêa de Souza. DEVELOPMENT AND CHARACTERIZATION OF 

POLYMERIC COMPOSITES FOR APPLICATION AS A POST-HARVEST COATING ON 

STRAWBERRIES (Fragaria ananassa Duch.). Rio de Janeiro, 2019. Thesis (Doctor of 

Science, D.Sc.). Chemistry Institute, Federal University of Rio de Janeiro. 

 

Demand for sustainable and biodegradable products build with renewable resources has become 

an important effort to reduce the impact of food packaging on the environment. In this context, 

the search for more effective technologies for the preparation of biocomposites should be 

directed towards improving film properties. Initially, this work aimed to evaluate two 

concentrations of commercial microcrystalline cellulose (MCC) applied to starch and chitosan 

films with the application of moderate electric field (MEF) and ultrasonic bath. It was observed 

that the addition of different concentrations of MCC and the application of MEF were 

responsible for changes in the properties of the films, being this effect dependent on the 

polysaccharide used. The use of MEF was efficient in reducing water vapor permeability in 

MCC-free chitosan films, as well as in producing more hydrophobic surface films. MCC 

addition promoted more opaque, rigid, less flexible and less hydrophobic films. Starch and 

MEF films were more hydrophilic with lower tensile strength and Young's modulus. MCC films 

were more opaque, less flexible and less hydrophilic than pure films. The composites showed 

good thermal properties, which increases their potential for use as packaging materials. 

Therefore, the incorporation of MCC in polysaccharide films, as well as the application of MEF, 

proved to be an interesting approach to alter the properties of the films. Viticulture involves the 

generation of significant amounts of solid waste and it is attractive to use the bagasse by-product 

as option for development of new materials with the ability to improve packaging performance. 

Thus, this work aimed to obtain, characterize and evaluate the application of cellulose 

nanocrystals from grape pomace. Pinot Noir grape bagasse was subjected to a chemical 

pretreatment associated with acid hydrolysis and ultrasound treatment to obtain cellulose 

nanocrystals (CNC) with 80.1% of cellulose recovered from the bagasse. This nanomaterial 

was characterized by needle-shaped structures, dispersed suspensions, high aspect ratio 

crystals, high crystallinity and thermal stability. Subsequently, cellulose nanocrystals from 

Alicante Bouschet grape bagasse obtained by acid hydrolysis were characterized and added in 

starch-based filmogenic solutions (1, 2, 5, 10 and 15g / 100g of starch). Results of this test 

showed a continuous increase in the crystallinity index in the purified cellulose and the obtained 

CNCs, confirming the progressive removal of amorphous non-cellulosic materials (lignin, 

hemicellulose and other impurities) present in the bagasse. CNCs added to starch matrix 

produced films with lower water vapor permeability and the addition of up to 10% formed less 

hydrophilic films. Films with 5 to 15% of CNCs were more opaque and with better tensile 

strength and Young's modulus. The incorporation of CNC has improved mechanical properties 

and decreased water vapor permeability, important characteristics for food packaging materials. 

Thus, a case study was elaborated with the application of these filmogenic solutions as coating 

on strawberries of Mohaven cultivar. Starch-only coating reduced fruit weight loss. CNC 

reinforcement did not improve the water vapor barrier properties of fruits. The addition of 

CNCs in the filmogenic solutions maintained the physical and chemical properties of the 

strawberries as well as the color characteristics of the coated fruits within 12 days and showed 

a reduction in the count. control. Thus, further research should be recommended for the use of 

the proposed nanocomposites, showing that nanocrystals can be used in coating formulations. 

 

Keywords: agroindustrial waste, edible coatings, nanocomposites, postharvest, ohmic heating. 
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1. Introduction 

The use of packaging and coatings for food plays a key role in its protection and 

preservation, aiming to extend its shelf life, maintain product quality and reduce value chain 

losses (Nandi & Guha, 2018). Packaging also serves to attract consumers and provide them with 

nutritional and commercial information. 

The terms coatings and films are often used without distinction. Film production is based 

on evaporation of the solvent from the filmogenic solution by casting, extrusion or blowing to 

form a film with a smooth surface, which is subsequently used to wrap the food; whereas a 

coating is formed from a solution applied directly to the food surface, leading to the formation 

of a thin film layer (Allesteros et al., 2018). Recently, demand for packaging made from 

renewable and biodegradable resources has become more important in response to increased 

awareness of the polluting impact of these packages on the environment (Souza et al. 2010) and 

the rapid growth of waste disposal. In response, the food industry continually seeks to develop 

new packaging products with sustainable appeal. 

In this context, biopolymers are potential substitutes for petroleum-based packaging 

materials due to their abundant and renewable availability, low cost, biodegradability and 

biocompatibility (Souza et al. 2010; Shankar & Rhim, 2016). However, developing packaging 

materials consisting solely of biomolecules made from low-cost renewable raw materials is a 

challenge that can be solved only with a multidisciplinary approach, by integrating knowledge 

from different fields to meet these expectations as well as supply the packaging and coating 

market (Cerqueira, Pereira, Ramos, Teixeira, & Vicente, 2016). The main biopolymers used for 

this purpose are listed in Table 1. 
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Table 1. Some natural biopolymers used for food packaging and coatings 

Type of polysaccharide Chemical structure Reference 

Starch 

 

Rico et al. (2016) 

Chitosan 

 

Hamed et al. (2016) 

Cellulose 

 

George & Sabapathi (2015) 

Alginate 

 

Deepa et al. (2016) 

  

Chitosan is commercially obtained from partial deacetylation in the presence of a chitin 

base (removal of acetyl groups) from the exoskeletons of crustaceans such as crabs and shrimp 

(Tayel et al., 2016). It is a biodegradable biopolymer with attractive characteristics for the food 

industry, especially as packaging material, due to its excellent film forming performance, 

antimicrobial activity, non-toxicity and low oxygen permeability (Dehnad, Mirzaei, Emam-

Djomeh, Jafari, & Dadashi, 2014; Giannakas et al., 2016). 

Starch, a biopolymer widely available in nature, can be obtained from a variety of plant 

sources such as cereals, roots and tubers. It is a renewable, cheap and biodegradable product 

(Rico et al., 2016). It is formed by two types of glucose polymers, amylose and amylopectin. 

Starch films have been intensively investigated since they are considered promising for film 

production because of their low cost and ability to form opaque, resistant and biodegradable films 

(Yun & Yoon, 2010; Shi, Wang, Li, & Adhikari, 2013).  

Films developed from polysaccharides have some performance limitations related to their 

hydrophilicity, which causes high water absorption and high water vapor permeability. The 

mechanical properties of the film are also considered important factors, such as deformability, 

tensile strength and elongation percentage (Elsabee & Abdou, 2013; Nandi & Guha, 2018). Some 

strategies have been applied to improve these properties, like the addition of plasticizers 
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(Cerqueira, Souza, Teixeira, & Vicente, 2012), blending with other polymers (Giannakas et al., 

2016) and incorporation of oils, micro and nanoparticles (Elsabee & Abdou, 2013; Shankar & 

Rhim, 2016). 

Plasticizers are incorporated into filmogenic solutions in order to improve film flexibility 

and extensibility, reduce intermolecular forces and increase mobility of polymer chains. 

However, the addition of plasticizers should be carefully studied, since it may increase gas and 

water vapor permeability and possibly interfere with the mechanical properties of the film (Souza 

et al., 2009). 

Microcrystalline cellulose (MCC) and cellulose nanocrystals (CNCs) can be used as 

compatible filler material for biopolymers, acting as mechanical reinforcement (Ma, Chang, & 

Yu, 2008; Rico et al., 2016). The effectiveness of these materials is associated with the nature of 

the polymer (cellulose) such as crystallinity index (CrI), and the characteristics of the 

fiber/matrix interface (Chuayjuljit, Su-Uthai, & Charuchinda, 2010).  

Agroindustrial residues, consisting mainly of plant cell wall polysaccharides such as 

cellulose, can be important sources to obtain cellulose micro and nanoparticles (Elanthikkal et 

al., 2010). The incorporation of these materials can improve film properties for as packaging. 

Thus, the reuse of residues from agribusiness reduces the disposal of these materials, besides 

being a more economical option to incorporate biodegradable materials in the formulation of 

products and improve their characteristics. 

Concomitantly, new film processing methods have been studied, aiming to better elucidate 

the development of these materials and the production of films with better characteristics. The 

use of ohmic treatment (OH), also known as moderate electric field (MEF) treatment, has aroused 

the interest of researchers (Souza, Cerqueira, Teixeira, & Vicente, 2010;  Souza et al., 2010). 

This technology is based on the passage of an electric current through a medium that has electrical 

resistance. The electric energy is converted into heat, so that the heating of the sample at the 

moment of processing occurs as a function of the current that passes through the material (Souza 

et al. 2010; Pereira, Souza, Cerqueira, Teixeira, & Vicente, 2010). 

The application of OH in filmogenic solutions can alter the structure and physical 

properties of the films produced, giving them characteristics such as higher CrI and lower water 

vapor permeability values (Souza et al., 2010). Thus, OH has a functional and supporting role, 

contributing to the formation of good-quality films, with the potential to preserve the properties 

of foods and increase their shelf life. Some studies report the application of OH in the production 

of protein and polysaccharide films, as well as in the production of food coating solutions (García 

et al., 2009; Souza et al., 2009; Souza et al., 2010; Pereira et al., 2010), in which the materials 
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showed significant improvements in their properties such as permeability and mechanical 

parameters. However, studies of the application of this technology in chitosan/cellulose and 

starch/cellulose composites are still scarce. 

Within this context, this work aimed to evaluate the application of moderate electric fields, 

ultrason bath and the incorporation of MCC in starch and chitosan film solutions, to obtain CNCs 

from wine and agroindustrial residue, and to study the use of CNCs as filler and reinforcement 

in starch films and the effect of applying these nanocomposites for coating strawberries stored 

under refrigeration. 

 

2. Objectives 

2.1 General purpose 

To develop biodegradable edible films reinforced with cellulose nanocrystals for 

postharvest application on strawberries. 

 

2.2 Specific objectives 

• To develop chitosan or starch films mixed with commercial MCC and plasticized with glycerol 

by the casting technique; 

• To evaluate the application of moderate electrical fields and ultrason bath in films, through 

morphological and structural characterization, observation of water difusion, and measurement 

of mechanical and thermal properties of microcomposites; 

• To produce CNCs from viticulture residue (grape pomace) under different chemical and 

mechanical treatment conditions and evaluate the best production condition of this nanomaterial; 

• To characterize the CNCs according to their morphological, thermal and crystallinity 

properties; 

• To investigate the influence of CNC concentration on the physical and morphological properties 

of glycerol plasticized starch films; 

• To characterize the morphology, water difusion, mechanical and thermal properties of starch 

nanocomposites; and 

• To evaluate the effect of applying this nanocomposite as coating on strawberries cv. Mohaven 

stored under refrigeration for 12 days. 
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3. Organization of the Thesis 

Based on the main objectives, this thesis is organized into five chapters. Chapter 1 contains 

a literature review on the subjects covered in the development of the experiments. Chapter 2 

presents the results of the incorporation of MCC in biopolymers, including the results regarding 

the application of MEF in filmogenic solutions. This work was carried out at the University of 

Minho in Portugal. Chapter 3 describes the process of obtaining and characterizing CNCs from 

the viticulture residue, in which different chemical and mechanical treatment conditions were 

evaluated to define the best ones. The initial part of this project was developed at the University 

of Minho and concluded in Brazil. Chapter 4 reports the production of nanocomposites, their 

morphological and structural characterization, solubility, mechanical and thermal properties and 

the application of CNCs in starch films. Finally, Chapter 5 presents the results on the application 

of CNCs/starch coatings on strawberries cv. Mohaven, in particular the shelf life of fruits kept 

under refrigeration. The structure of the thesis is represented in Figure 1. 
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Figure 1. Thesis Structure 
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4. Theoretical Framework 

4.1 Utilization of waste from wine makin 

4.1.1 Grapes: Classification and production 

Grape (Vitis vinifera L) is one of the most cultivated and consumed crops in the world, 

both for fresh consumption and processing. Its arrival in Brazil dates to the 16th century, when 

the first European varieties were introduced by the Portuguese. In 1875, the production of grapes 

and wine gained more importance in Brazilian agriculture with the arrival of Italian immigrants, 

thus increasing the production and economic importance of this activity, with the consequent 

improvement in the quality of wines (Kuck, 2016). 

The grape vine belongs to the order Vitales, family Vitaceae, which comprises 11 genera 

and 450 species. Vitis is the oldest genus, originating from temperate zones of the northern 

hemisphere (America, Europe and Asia), with about 50 species (Teles, 2014); It has edible fruits 

and is of great economic importance, as it includes species that are consumed as fresh or dried 

fruit and also in the form of wine and juice (Cordeiro, 2015). Vitis vinifera L., of European origin, 

is characterized by wide morphological and physiological variability, with excellent quality fruits 

suitable for the production of wines. In turn, Vitis labrusca, of North American origin, is suitable 

mainly for fresh consumption (table grapes) and rootstock (Nunes, Rodrigues, & Oliveira, 2017; 

Fortes & Pais, 2015). 

The cultivar 'Pinot Noir' is a red variety of Vitis vinifera L, originated in the Burgundy 

region of France, where there are traces of cultivation since the 4th century. It has small, compact, 

cylindrical clusters with medium to small berry size (Rauscedo, 2014). It is one of the main 

varieties for making “blancs de noir” (red grape white wines) and traditional French champagnes 

(Cordeiro, 2015).  

'Alicante Bouschet' is also an ink variety of Vitis vinifera L., of French origin. It is generally 

used in cuts to add color to the wine. It has medium size bunches in a conical and compact format, 

while the berries are medium in size, and unlike most cultivars, they accumulate pigments in the 

skin as well as the pulp (Rauscedo, 2014). In Brazil, this cultivar is commercially grown in the 

Serra Gaucha region and the São Francisco Valley (Dachi, 2015). 

In 2017, world grape production was 87.43 Mton, with China (13.16 Mton), Italy (7.16 

Mton), USA (6.67 Mton), France (5.91 Mton) and Spain (5.38 Mton) being the top five producers 

(FAOSTAT, 2017). 

According to the Brazilian Institute of Geography and Statistics (IBGE, 2018), the 

Brazilian production of grapes for processing (wine, juice, jelly) in 2017 was 846,384,099 tons, 

the main producing states being Rio Grande do Sul (769,347,908 tons), Santa Catarina 
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(42,800,666 tons) and Pernambuco (21,001,700 tons). Regarding table grape production, Brazil 

had production of 349,428,716 tons, mainly from the states of Pernambuco (158,310,074 tons), 

São Paulo (57,412,465 tons) and Bahia (51,528 tons). 

Grape growing is one of the main agro-economic activities in the world and about 15% of 

global production goes to the wine industry (Teixeira et al., 2014). World wine production in 

2018, according to the International Organization of Vine and Wine (OIV), was 28.2 billion liters. 

The main producing country was Italy, with 48.5 million liters, followed by France (46.4 million 

liters) and Spain (40.9 million liters) (OIV, 2018). 

 

4.1.2. Waste generated by viticulture and potential reuse 

Viticulture generates significant amounts of solid waste (up to 30% w/w of material used) 

(Teixeira et al., 2014). Bagasse (Figure 2) is the main byproduct of the wine industry. This residue 

consists of stems, skin, pulp and seeds remaining after pressing. Other byproducts from grape 

processing include vines (from pruning), winery sludge (wine lees), effluents and filtration 

residues (Dávila et al., 2017).  

 
Figure 2. Primary winemaking byproduct: Grape pomace (Source: Author) 

 

Knowing the generated byproduct is important for those who use a proper destination for 

the recovery  and, consequently, there may be valorization of materials processed by wine (Barba, 

Zhu, Koubaa, Sant’Ana, & Orlien, 2016; Nunes et al., 2017).  

Bagasse has been studied as a potential source of recovery for valuable compounds such 

as phenolics and fiber for the development of food ingredients. Studies report that grape pomace 

extracts contain health-beneficial bioactive compounds capable of retarding lipid oxidation 

during meat cooling and extending the shelf life of the processed product, as well as grape 

pomace flour can be used to develop a fiber rich ingredient with antioxidant properties (Beres et 

al., 2016). Still in this context, bagasse can be used to develop antifungal preservative for juices. 

(Sagdic et al., 2011). 
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In addition to all the previously mentioned studies the grape pomace consists mainly of 

polysaccharides from plant cell walls, such as cellulose (Beres et al., 2016; Minjares-Fuentes et 

al., 2016). This byproduct can be used as raw material for the development of new packaging 

materials, to reduce the use of petrochemical products. To this end, various technologies can be 

applied to transform this agricultural waste into new products, adding greater economic potential 

to grape growing. Production of new materials derived from a plant biomass can provide 

economic and environmental benefits to the viticulture chain. 

 

4.2 Natural biopolymers and their potential use in packaging 

4.2.1 Starch 

Starch is a storage polysaccharide from agricultural products found in cereals (corn, wheat, 

oats, sorghum and rice), tuberous roots (cassava), tubers (potato) and legumes (peas and beans) 

(PelissarI, Ferreira, & Mattoso, 2019). It has semicrystalline granules, with diameter of 1 to 100 

mm and CrI that can vary from 15% to 40%, depending on the source (Lumdubwong, 2019). 

Amylose and amylopectin are the polymers that make up starch and are found in different 

proportions according to the raw material. 

Amylose is a linear molecule consisting mainly of linear glucose chains linked by α (1-4) 

glycosidic bonds, but in some types of starch, a degree of branching can be observed (Thakur et 

al., 2019a). Amylose chains are randomly organized on the surface of the starch granule in a 

single helical arrangement or in interaction with amylopectin by hydrogen bonding, where strong 

internal forces can occur in double helical form (Gunaratne  Corke, 2016). 

Amylopectin is responsible for starch’s semicrystallinity and is a highly branched molecule 

composed of linear glucose chains linked by α (1-4) glycosidic bonds in the main chain and α (1-

6) glycosidic bonds at branching points (Gunaratne & Corke, 2016). The chains of this molecule 

are arranged perpendicularly on the surface of the granule along the main chain, so branch points 

are distributed to form amorphous and crystalline lamellae (Dai, Zhang, & Cheng, 2019). 

For starch to form cohesive films, degradation of the semicrystalline structure of the 

molecule must occur. Thus, shear, heat and forced from plasticizer addition are required so that 

the granules irreversibly lose the semicrystalline structure and are converted into a continuous 

matrix (Shi et al., 2013). This process consists of three important steps: (i) granular swelling; (ii) 

amylopectin cluster breakdown; and (iii) amylopectin/amylose solubilization. The starch 

granules swell on contact with water by absorbing the water molecules in their amorphous 

domains. As the temperature rises to gelatinization temperature (Tgel), the starch granules 

collapse. Water molecules diffuse into the granules through semicrystalline amylopectin clusters, 
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and hydrogen bonds break down between amylose and amylopectin chains, which dissociate and 

are completely solubilized (Thakur, Pristijono, Scarlett, Singh, & Vuong, 2019). Amylose and 

amylopectin intertwine in a single continuous phase to form starch films (Thakur, Pristijono, 

Scarlett, Singh, & Vuong, 2019). 

Starch is a promising source for making films for use in food packaging and fruit and 

vegetable coatings, as it is inexpensive, renewable and biodegradable (Mali & Grossmann, 2003;  

Thakur et al., 2018; Gopi, Amalraj, Jude, Thomas, & Guo, 2019). The characteristics of the films 

obtained from this biopolymer still need improvement, especially the mechanical properties and 

high water vapor permeability. Research has been undertaken to improve film performance by 

improving the formulation of filmogenic solutions by introduction of new materials. 

Gopi, Amalraj, Jude, Thomas & Guo, (2019) prepared starch composites incorporated with 

turmeric nanofibers and obtained bionanocomposites with better thermal stability and 

mechanical strength. The addition of turmeric nanofibers imparted antibacterial properties to 

these composites. Improvement in water vapor barrier properties in starch films with CNC 

incorporation was demonstrated by Noshirvani et al. (2018). 

 

4.2.2 Chitosan 

Chitosan is a polysaccharide produced by alkaline deacetylation of chitin, a structural 

polymer present in the crustaceans exoskeletons , mollusks and insects (Elsabee & Abdou, 2013; 

Siripatrawan & Vitchayakitti, 2016). It is a linear and cationic polysaccharide whose chemical 

structure comprises two subunits of D-glucosamine and N-acetyl-D-glucosamine, linearly linked 

by β (1-4) glycosidic bonds (Elsabee & Abdou, 2013; Yuan, Chen, & Li, 2016). 

Chitosan is insoluble in water, but it can be solubilized in dilute aqueous solutions of 

organic acids (acetic, propionic, lactic and formic acid) or minerals (nitric and hydrochloric acid). 

For dissolution to occur, the intra- and intermolecular hydrogen interactions of chitosan and 

water molecules must be disrupted. Viscous chitosan solutions are formed due to protonation of 

the amino group (NH3 +) located on the C-2 of the D-glucosamine repeating unit, forming a 

cationic polymer. At acid pH, the charge acquired by the monomers causes electrostatic repulsion 

between the chitosan polymer chains, allows solvent access, and consequently polysaccharide 

solubilization (Elsabee & Abdou, 2013; Yuan et al., 2016; Mujtaba et al., 2019). 

Due to its low toxicity, stability over time, biodegradability and relatively low cost as an 

industrial byproduct, the application of chitosan as food packaging and in fruit and vegetable 

coatings is technically attractive and feasible. Its use as a safe food additive (GRAS) has been 
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approved by the US Food and Drug Administration (USFDA, 2013; Yuan et al., 2016; Souza et 

al., 2017). 

Chitosan-based films have good mechanical and antimicrobial properties and moderate gas 

permeability (CO2 and O2). However, its high water vapor permeability still limits its use as food 

packaging, since effective control of water transfer between food and the environment is a 

fundamental property during storage (Bourbon et al., 2011). 

The incorporation of new materials in chitosan films is an alternative to modify these 

properties. Khan et al. (2014) studied the effect of incorporating different CNC concentrations in 

chitosan-based films and verified the formation of homogeneous nanocomposites, with lower 

water vapor permeability and higher tensile strength compared to films without CNCs. Hamed, 

Ozogul & Regenstein (2016) reported that chitosan-based films and coatings have the potential 

to prolong shelf life due to their antimicrobial ability, in addition to maintaining nutritional 

compounds and ensuring consumer acceptance of various products. 

 

4.3. Cellulose 

Cellulose is the most abundant and available renewable polymeric resource in the world. It 

is found in different forms, such as lignocellulosic biomass (wood, cotton, hemp, flax, sisal and 

agricultural waste), marine animals (tunicates), and to a lesser extent in algae, fungi and bacteria. 

This material is produced at a rate of 1.5 × 1012 tons per year (Grishkewich et al., 2017). 

  Lignocellulosic biomass is an abundant and accessible primary natural resource in 

cellulose fiber, along with hemicellulose and lignin. The relative content of these compounds 

varies by species. Usually, when subjected to chemical and mechanical treatments, the fibers are 

extracted from the pulp to make paper. Mechanical and chemical treatments employed in the 

production of nanocellulose have been studied to add value to the product. (Habibi, Lucia, & 

Rojas, 2010; Grishkewich et al., 2017).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

In 1838, the French chemist Anselme Payen first described the cellulose present in plant 

tissues as a fibrous and resistant solid material. He developed a method to decompose cellulose 

into simple sugar (dextrose) using acid and ammonia treatment (Habibi, Lucia, & Rojas, 2010). 

In 1926, Staudinger clarified the polymeric structure of cellulose (Habibi, Lucia, & Rojas, 

2010), describing it as a linear homopolysaccharide composed of β-d-glucopyranose units linked 

by β-1-4 bonds. The repetitive unit, known as cellobiose, consists of a glucose dimer. Each 

monomer has four hydroxyl groups that are linked by intra- and intermolecular hydrogen bond-

type interactions. These strong bonds are responsible for the formation of elemental fibrils, the 
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crystalline structure of cellulose, which makes it completely insoluble in water and in most 

organic solvents (George & Sabapathi, 2015). 

In nature, cellulose is found as fiber assemblies that form individual cellulose chains. 

Morphologically, it is composed of elementary fibrils, which are grouped into larger units called 

microfibrils, which in turn are grouped into fibers (Habibi, Lucia, & Rojas, 2010). Within the 

cellulose fibrils, there are domains where the chains are arranged in a highly ordered, crystalline 

region, interconnected by amorphous regions (Moon et al., 2011). When the crystalline regions 

are cleaved, CNCs can be produced, depending on time and hydrolysis conditions. 

 

4.3.1 Cellulose nanocrystals (CNCs) 

Cellulose can be isolated from a wide variety of plants and animals. Different types of 

cellulose-derived particles have been developed, among them CNCs, which have numerous 

commercial applications. Particle type is primarily a function of the extraction process, which 

includes pretreatment and disintegration or deconstruction of biomass (Moon et al., 2011). 

Pretreatment of lignocellulosic biomass consists mainly of eliminating amorphous 

components such as lignin and hemicellulose, as well as extractives, pectin, waxes, resins and 

starch present in cellulose fibers. CNCs are obtained by subjecting cellulose microfibrils to an 

appropriate combination of mechanical and chemical treatments (George & Sabapathi, 2015). 

Acid hydrolysis is a well-known strategy for CNC production (Peng et al., 2011); This 

treatment consists of longitudinal sectioning of the cellulose microfibrils; so that hydronium ions 

promote hydrolytic cleavage of glycosidic bonds in the amorphous domains, releasing individual 

crystallites (Figure 3). The resulting nanoparticles have dimensions and CrI that vary depending 

on the cellulose source and preparation procedure (Marett, Aning, & Foster 2017; Bondeson, 

Mathew, & Oksman 2006; Mariano, Cercená, & Soldi, 2016; Hsieh, 2013; Jiang & Hsieh 2015). 
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Figure 3. Scheme of cellulose chain repeat unit; cellulose microfibrils, suggesting fiber 

configuration with crystalline and amorphous regions; cellulose nanocrystals after hydrolysis  

 

Although acid hydrolysis of cellulosic material for CNC production is well known, to 

obtain optimized, stable production with high CrI and high yield, it is necessary to adapt the 

nanoparticle preparation process. Given this factor, evaluating the variation of parameters such 

as acid used and its concentration, biomass/acid ratio, and time and temperature of hydrolysis are 

fundamental (Siqueira, Bras, & Dufresne, 2010). Table 2 summarizes some examples of studies 

of the variables of this process.  
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Table 2. Production conditions and characteristics of CNCs obtained from different sources. 

Source 

Preparation method     

Acid 
Concentration 

(% wt) 

Acid/Cellulose 

ratio (mL/g) 

Time 

(min) 

Temperature 

(°C) 

Length 

(nm) 

Width 

(nm) 

Aspect 

ratio 

Crystallinity 

index (CrI) 

(%) 

Grape skins1 H2SO4  65 8.75 30 45 100-200 5 - 64.3 

Tomato peels2 H2SO4  64 8.75 30 45 100-200 5–9 - 80.8 

Garlic straw3 H2SO4  65 20 40 45 480 6 80 68 

Sugarcane bagasse 

pith4 
H2SO4  65 40 40 50 69 6 - 84 

Sugarcane bagasse 

fibers4 
H2SO4  65 40 40 50 83 6 - 86 

Passionfruit skins5 H2SO4  52 0.1 60 50 103-173.5 - - 77.96 

Corn agricultural 

residue6 
H2SO4  65 7.21 45 45 940 6 157 51.66 

Raw wood flour7 H2SO4  65 20 30 60 11.6 8.5 - 75 

Kudzu root waste8 H2SO4  80 20 420 50 100–330 2–6 - 60 

Coffee husks9 H2SO4  64 13.3 40 50 310 20 10–20 92 

Pineapple crown 

waste10 
H2SO4  60 20 60 45 100-400 20–60 6.3 73 

* (-) Information not provided by the authors. 1. Lu & Hsieh (2012b); 2. Jiang & Hsieh (2015); 

3. Kallel et al. (2016); 4. Oliveira et al. (2016); 5. Wijaya et al. (2017); 6. Smyth et al. (2017); 7. 

Gu et al. (2017); 8. Wang et al. (2018); 9. Collazo-bigliardi, Ortega-toro, & Chiralt (2018); 10. 

Prado & Spinacé (2019); 11. Wang et al. (2019) 

CNCs are rigid needle-shaped particles consisting of segments of the cellulose chain in an 

almost perfect crystalline structure, with high CrI. They have high specific resistance and high 

contact surface. Typical dimensions range from 4–25 nm in diameter and 100–1000 nm in 

‘length. In the literature, CNCs are also called nanowhiskers, nanocrystalline cellulose, whiskers 

and cellulose crystallites (Azeredo, Rosa, & Mattoso, 2017). 

Because they are nanometric, highly crystalline, biocompatible with natural polymers, 

biodegradable, nontoxic and lightweight, with large contact surface, CNCs have been evaluated 

as reinforcement material for a wide range of polymeric matrices to replace petrochemical based 

products. Recent research on CNCs highlights their different contributions to film performance 

and applications (Hsieh, 2013; Moriana, Vilaplana, & Ek, 2016; Smyth, García, Rader, Foster, 

& Bras, 2017). 
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4.3.2. Cellulose nanocrystals as reinforcement phase in films 

Nanocomposites consist of the association of materials with different properties where at 

least one of the added fillers is nanoscale. Their development aims to produce high-performance 

multifunctional composites (Siqueira, Bras, & Dufresne, 2010). 

Polymeric nanocomposites commonly involve low nanoparticle content as filler in the 

polymeric matrix, which is an economic advantage. Thus, incorporating a sufficient amount of 

load to form a continuous and homogeneous structure is interesting to obtain improvements in 

film properties, since the high contact area of nanoparticles and properly dispersed load in the 

matrix can lead to high interfacial area in the polymeric matrix, altering the molecular mobility 

and the resulting thermal and mechanical properties (Deepa et al., 2016; Moriana, Vilaplana, & 

Ek 2016; Smyth, García, Rader, Foster, & Bras, 2017). In this respect, nanoparticles, like CNCs, 

are considered excellent materials for the development of improved high-performance 

nanocomposites. 

In recent times, the idea of incorporating CNCs in food packaging systems has been gaining 

strength, aiming to increase the shelf life or safety of the products in question. In addition, 

environmental concerns regarding petroleum-based packaging materials encourage the scientific 

community to seek alternative packaging materials from natural biopolymers such as starch and 

chitosan (Svagan, Hedenqvist, & Berglund, 2009; Khan et al., 2012; Noshirvani et al., 2018). 

Since applications of biopolymers as packaging materials are sometimes limited because 

of poor mechanical properties and high permeability to water and oxygen, natural biopolymers 

have often been incorporated with CNCs to overcome disadvantages while preserving the 

sustainable character of the final composites (Brinchi et al., 2013; Gray et al., 2018).  

Despite the advantages of CNCs as film reinforcement, phase incompatibility with some 

polymeric matrices such as non-water soluble polymers often occurs. Due to their polar surface, 

CNCs have inherent difficulty in dispersing in non-polar media, which leads to poor material 

dispersion in the matrix, in addition to the high water absorption and limitation of processing 

temperature, so that no degradation of CNCs occurs, restricting the type of polymeric matrix that 

can be associated with this type of load (Siqueira, Bras, & Dufresne, 2010). 

Studies have described different techniques used in nanocomposite development, among 

them solvent evaporation and extrusion are the most used. In the first procedure, the polymeric 

nanocomposites are prepared by mixing the nanoparticle suspension and a polymer solution. In 

contrast, the extrusion method requires the preparation of nanocomposites with lyophilized 

CNCs, but when dry, strong hydrogen bonds are established and aggregates are commonly 

obtained by limiting nanocomposite reinforcement (Siqueira, Bras, & Dufresne, 2010). 
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Some studies have described the effects of CNCs on mechanical properties of films. 

Azeredo, Miranda, Rosa, Nascimento, & de Moura (2012), studied the incorporation of 0 to 15% 

CNCs in solvent-evaporated alginate films and observed an increase in tension and Young's 

modulus and a decrease in elongation. Gray et al. (2018) studied the addition of 0 to 2% CNCs 

in solvent-evaporated starch films and observed that the mechanical strength properties of 

nanocomposites were considerably improved by the CNC, but the samples prepared with 1% 

CNCs were superior to those with 2% CNCs. The authors attributed this fact to the poor 

dispersion of higher concentrations of CNCs in the starch matrix. Nessi et al. (2019) studied 

different amounts of CNCs added to glycerol plasticized thermoplastic starch to obtain extruded 

nanocomposites. They observed improvement in the mechanical properties of films with 

incorporation of up to 2.5%, but above 5%, the CNCs added weight and the reinforcing effect 

was reduced. 

 

4.4. Postharvest edible coatings 

During storage, transport and distribution, fruits suffer from loss of quality due to 

postharvest physiological reactions such as respiration, ripening, ethylene production and 

senescence. These reactions can lead to water loss, tissue softening, color change and nutrient 

degradation, which generally depend on the physiological nature (climacteric and non-

climacteric fruits), chemical composition and surface structure of fruits and vegetables. At the 

same time, microbial growth and reduced shelf life of the most perishable products can occur 

(Mali & Grossmann, 2003; Vu et al., 2011;  Thakur et al., 2018). 

Although cold chain distribution is a way to minimize these reactions, this strategy alone 

may not be sufficient to mitigate postharvest quality losses, extend shelf life and preserve sensory 

characteristics. Thus, the application of fruit coating has been studied to meet market needs 

(Fakhouri et al., 2014; Rocha et al., 2019). 

The coating is applied directly to the fruit and thus forms a semipermeable barrier to 

oxygen, carbon dioxide and water vapor, creating a modified atmosphere between the fruit and 

the environment (Figure 4). Control of gas exchange is established, and consequently the sensory 

and nutritional characteristics are preserved for a longer period (Zhao & States, 2018)(Zhao & 

States, 2018). 
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Figure 4. Illustration of the modified atmosphere created by applying edible coatings to fresh 

produce postharvest 

In climacteric fruits such as tomato, avocado, guava and persimmon, after harvest intense 

metabolic activity occurs, with increased CO2 production accompanied by an autocatalytic peak 

of ethylene production, at room temperature, which stimulates faster ripening. Considering that 

O2 is required for ethylene production, the barrier formed by the coating reduces O2 permeation 

to the fruit and consequently reduces ethylene production and prolongs fruit life. The application 

of coatings minimizes gas exchange, resulting from respiration and moisture loss due to 

perspiration, thus reducing the speed of maturation and senescence due to decreased ethylene 

production (Ribeiro et al., 2007; Thakur et al., 2018; Zhao & States, 2018). 

In non-climacteric fruits such as strawberry, grape, orange, lemon and melon, there is no 

increase in respiratory rate and ethylene production after harvest. There is a gradual decrease in 

respiration during ripening and a slight decline after harvest, but during storage these fruits 

undergo accelerated degradation. Thus, methods that maintain quality and extend the shelf life 

of fruits are needed. Under these conditions, the coating applied to the epidermis is able to 

partially fill the stomata and lenticels, minimizing water transfer and gas exchange (Silva et al., 

2015; Pinzon et al., 2019). 

The gas permeation and water loss rates are directly related to the porosity and thickness 

of the coating formed on the fruit epidermis. Importantly, a significant reduction in O2 may 

activate anaerobic respiration pathways during storage, resulting in increased anaerobic 

metabolism such as fermentation (Miranda, 2015). Thus, it is crucial for the thickness and 

homogeneity of the film to be considered when using this technology. 

The coatings can be applied in different ways, by immersing the fruit in filmogenic 

solutions, spraying or dripping. The choice of the appropriate application method depends on the 

characteristics of the fruit in question, the physicochemical properties of the filmogenic solutions 
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and the cost of the process (Valdés, Ramos, Beltrán, Jiménez, & María Carmen Garrigós, 2017; 

Zhao & States, 2018). 

Immersing the fruit in the film-forming solution is the most commonly used method of 

applying fruit coating, where the product is dipped directly into the coating solution for a certain 

time, followed by over-removal and drying to form a thin film and homogeneous surface. 

Spraying the filmogenic solution on the fruits provides a thin and uniform film. It is very popular 

for firmer fruits. High pressure spray applicators are used in conjunction with air atomization 

systems to accelerate the drying process and improve coating uniformity on surfaces. The 

application by drip is performed by air emitters. Fruits circulate on rotating brushes saturated 

with the coating, and are evenly covered with the coating (Zhao & States, 2018). 

The application of a filmogenic solution on a fruit establishes weak bonds in the epidermis 

(Assis & Britto 2014). Some models propose the mechanism of formation of the coating. The 

characteristics of the absorbent (fruit epidermis) and the adsorbate (compounds present in the 

filmogenic solution) define the predominant mechanism type. These include: (I) hydrogen 

bonding, which occurs when hydrophilic surfaces or materials with high polar group density, 

such as hydroxyls (-OH) and amine (-NH2), are predominant; (II) interaction by dispersive 

forces, such as van Der Waals Interactions, which establish weak and short-range interactions 

between molecules of the filmogenic solution and the fruit surface; (III) hydrophobic interaction, 

where there is affinity between hydrophobic groups of molecules of filmogenic solutions and 

hydrophobic groups present on the fruit surface; and (IV) electrostatic interaction, which occurs 

when there is interaction between ionic species with opposite charges, and is considered when 

the polymer in solution has a polyelectrolytic character with anionic salt groups (-COO – Na +) or 

cationic salt groups (-NH4 + Cl–) (Assis & Britto 2014). 

Edible coatings such as carnauba wax, chitosan, galactomannans, proteins, shellac and 

starch, among others, have been shown to maintain postharvest quality of fruits and vegetables 

(Ribeiro, Vicente, Teixeira, & Miranda, 2007; Gol, Patel, & Rao, 2013; Martins et al., 2013; 

Thakur et al., 2019).  The development of coatings from natural and biodegradable sources has 

the advantage of enhanced safety in the eyes of consumers who link healthy eating to a more 

natural diet. Starch is a polysaccharide available from different natural sources such as cereals, 

vegetables and tubers. It has shown promise as fruit and vegetable coating (Mali & Grossmann, 

2003; Thakur et al., 2018) because it is biodegradable, inexpensive and renewable (Gopi et al., 

2019). 

The addition of nanomaterials to form reinforced biopolymer nanocomposite coatings has 

been the focus of several investigations (Rhim, Reddy, & Luo, 2015; Ji, Liu, Li, Sun, & Xiong, 
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2018; Ji et al., 2018; Laureth, Moraes, França, Flauzino Neto, & Braga, 2018). CNCs have been 

used as reinforcement for polymeric matrices. Well-dispersed crystals are able to improve 

mechanical performance as well as permeability of the coating (Azizi Samir, Alloin, Sanchez, & 

Dufresne, 2004; Brinchi et al., 2013; Slavutsky & Bertuzzi, 2014; Noshirvani et al., 2018; 

Laureth et al., 2018). 

In Brazil, the National Health Surveillance Agency (ANVISA) does not deal with edible 

coatings through specific regulations. They are considered to be additives and must comply with 

the corresponding regulations for food additives (Villadiego et al., 2005; Costa, 2009). 

Despite the many advantages of using nanomaterials in packaging, safety concerns from 

nanotechnology manufacturers and consumers are global (Sharifi et al., 2012). Migration of 

nanomaterials to food is a major concern in this sector, so it is important that migration testing 

be performed before the product reaches the market to ensure safety (Souza, Gottschalk, & 

Freitas-Silva, 2019). In this context, the materials used in the formulation of the fruit coating 

solutions must be considered safe (Costa, 2009).  

Most of the published results show no definite concerns about the safety of 

nanocomposites. Little research has been conducted on the potential toxicity of these materials, 

as well as the environmental safety of their use. Pitkänen et al. (2010) evaluated the in vitro 

cytotoxicity of nanocellulose in human and animal cell lines by 24 and 72 h exposures, and 

further evaluated DNA damage capacity using a bacteriological assay (Ames test). The authors 

did not observe any cytotoxic properties and there was no indication of DNA damage. The use 

of CNCs as drug carriers has been shown to be efficient (Taipina, 2012). Andrade et al. (2015) 

developed an in vivo study of male rats (Rattus norvegicus albinus) fed with a diet containing 

7%, 14% and 21% by weight of nanocellulose suspension obtained from peach palm. According 

to the authors, there were no harmful effects on animal metabolism, indicating that CNCs product 

can be used as a dietary supplement. However, indications of dose-dependent toxicity and 

inflammatory effects were reported by Menas et al. (2017) in a study comparing cellulose 

nanofibers (CNFs), revealed more cytotoxicity and oxidative stress responses caused by CNCs. 

However, exposure to CNCs caused a significant inflammatory response compared to CNFs. 

There are few studies reporting the regulatory parameters regarding the use of 

nanomaterials. According to Souza et al. (2019), implementation of regulatory definitions for 

nanomaterials is paramount, so that particle size is reliably measured, nanomaterials are labeled 

as product ingredients, and safety is analyzed by standardized toxicity and in vitro tests. 

At the forefront of this is the European Union and countries like Switzerland, which have 

specific nanomaterial standards in their food industry legislation, such as listing of nanomaterials 
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on labels (Amenta et al., 2015). The National Nanotechnology Center (NANOTEC), located in 

Thailand, is responsible for regulating these materials, through standards aimed at improving and 

monitoring the industrial quality of food prepared using nanotechnology (Amenta et al., 2015). 

However, the US Food and Drug Administration (FDA) has no regulations for nanomaterials. 

Like in Brazil, there is still no specific regulation (Souza et al., 2019). According to Souza et al. 

(2019), in 2010 a proposal was submitted to the Brazilian Senate for implementation of listing 

of nanomaterials packaging of foods, medicines and cosmetics, but this proposal was rejected 

and so far no other has been proposed. 

 

4.4.1 Use of edible strawberry coatings 

  According to the Cronquist plant classification system (1988), the strawberry belongs to 

the Magnoliophyta division (Angiospermae), Magnoliopsida class (Dicotiledoneae), Rosidae 

subclass, Rosales order, Rosaceae family, Fragaria L. and Fragaria x ananassa Duch species. The 

achenes are the true fruits, popularly known as the seed. The receptacle is the edible flesh, a juicy, 

flavorful and attractively colored pseudofruit (Holtz, 2006; Reis, Siqueira, Alves, Silva, & Lima, 

2008) (Figure 5). 

 

 

Figure 5: Structural characteristics of the strawberry 

According to Chitarra and Chitarra (2005), the strawberry is a non-climacteric fruit, with 

gradual decrease in respiration, without endogenous ethylene production and ripening after 

harvest. Aspects such as appearance (color, size, shape, absence of defects), firmness, taste 

(soluble solids, titratable acidity and volatile compounds), nutritional value (vitamins and 

minerals) and safety (low chemical residues rate and microbial contamination) are considered in 

quality evaluation of strawberry fruits. However, most of these attributes undergo 

physicochemical and biochemical changes during the postharvest phase. 

Strawberry is very perishable, has limited postharvest life and high susceptibility to 

pathogen development (Reis et al., 2008). Pathogenic contamination and changes in sensory 
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characteristics such as pH, titratable acidity, total soluble solids, mass loss and softening, as well 

as nutritional changes, are limiting factors in marketing the fruits (Dhital et al., 2017). 

The application of coatings aims to increase the postharvest life, minimize the risk of 

undesirable biological, physicochemical and physiological changes, control the transfer of water, 

gases and prevent sensory changes. Application of these semipermeable barriers has increased 

the shelf life of various perishable tropical fruits, such as strawberry (Vu et al., 2011). 

 Fakhouri et al. (2014) studied the effect of edible gelatin-based coating containing CNCs 

(1 g of CNC/100 g gelatin) on the quality and nutrient retention of fresh strawberries during eight 

days of storage, and observed that in all coated fruits, the weight loss was lower than in control 

fruits (without coating). 

Silva et al. (2015) reported that strawberries coated with pectin and CNCs (8 g CNC/100 g 

pectin) showed less mass loss than uncoated fruits during 12 days of storage under refrigeration 

at 10 °C. Coated strawberries retained their firmness, but by adding glycerol as a plasticizer in 

the filmogenic solution, these values decreased. According to authors, although glycerol is water 

soluble, it has a slightly oily appearance, which may have made the surface of strawberries oilier 

and less resistant. 

  According to Souza et al. (2014), mass loss is related to water loss, since other degradable 

components (aromas, flavors and gaseous respiration products) are undetectable in terms of mass 

loss. In turn, loss of firmness can be attributed to the dehydration process associated with 

degradation of cell walls (Pinzon et al., 2019). 

 Rocha et al. (2019) observed lower mass loss in strawberries coated with cassava starch 

filmogenic solutions, but regardless of the treatment the fruits were darker. This may be related 

to enzymatic and oxidative processes associated with fruit ripening during storage. Furthermore, 

they observed that although the coating reduced mass loss, it was not possible to prevent pH 

decrease, normally associated with the fruit senescence process. 

The structure of the edible strawberry coating contributes to the positive results obtained 

regarding fruit quality attributes, since the film is a physical barrier to water loss and gas 

exchange and assists in preserving postharvest quality by prolonging the shelf life of fresh 

produce. It is interesting to maintain the structural integrity and sensory quality of the product. 

In this context, in order to improve the performance of current coating methods, further studies 

on coating materials are required to optimize formulations of filmogenic solutions and improve 

the physical characteristics of the films. 
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Abstract 

Microcrystalline cellulose (MCC) can provide improved properties when the aim is the 

development of biodegradable packaging materials. In this work the physicochemical properties 

of polysaccharide- based films (chitosan and starch) with the incorporation of MCC and the 

application of moderate electric field (MEF) and ultrasonic bath (UB) as treatments, were 

evaluated. For each treatment, the thickness, moisture content, solubility, water vapor 

permeability, contact angle, mechanical properties, along with its color and opacity were 

determined. The surface morphologies of the films were assessed by scanning electron 

microscopy (SEM). X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy 

and thermogravimetric analysis (TGA) were also performed. It was observed that the addition of 

different concentrations of MCC as well as the application of MEF are responsible for changes 

in the properties of the films, being this effect dependent on the polysaccharide used. Chitosan-

based films were slightly yellow, transparent and presented a more homogeneous structure. The 

use of MEF was efficient in decreasing the permeability to water vapor in chitosan-based films 

without MCC, as well as in production of films with a more hydrophobic surface. The addition 

of MCC promoted more opaque, rigid, less flexible and less hydrophobic films. Starch-based 

films were whitish, with a more heterogeneous structure and the application of MEF generated 

more hydrophilic films with lower tensile strength and Young’s modulus. The films with MCC 

were opaquer, less flexible and less hydrophilic than the films without MCC. The composites 

presented good thermal properties, which increases their applicability as packaging materials. 

Therefore, the incorporation of MCC into polysaccharide-based films as well as the application 

of MEF can be an approach to change the properties of films. 

 

Keywords: cellulose; electric field; electro-heating; biopolymer; edible coating; packaging. 
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1. Introduction 

Recently, the demand for products made from sustainable resources with renewable and 

biodegradable features has become an important part of the effort to reduce the impact of food 

packaging on the environment (Souza et al., 2010a) being used to reduce the amount of synthetic 

materials in the food chain. In this context, edible films based on biopolymers, as chitosan and 

starch, appear as potential substitutes of petroleum-based packaging materials, because of their 

abundant and renewable availability, non-toxic, low cost, biodegradable and biocompatible 

nature (Dehnad et al., 2014; Shankar & Rhim, 2016; Souza et al., 2009b; Shi et al., 2013). 

However, the development of packaging materials is still a challenge (Rico, Rodríguez-

Llamazares, Barral, Bouza, & Montero, 2016). 

Studies reported that incorporation of microcrystalline cellulose (MCC) can be done as a 

compatible reinforcing filler for biopolymers (Ma, Chang, & Yu, 2008; Rico et al., 2016). The 

incorporation of MCC in starch and chitosan-based films appears particularly interesting due to 

the chemical similarities in the polysaccharide structure, which can lead to a good interfacial 

adhesion of the matrix-cellulose, which is crucial to improve mechanical and barrier properties 

of the developed composites (Celebi & Kurt, 2015; Rico et al., 2016). In this way, ensure that 

MCC is homogeneously dispersed within the film matrix, it is a challenge that has been achieved 

by using ultrasonic technologies such as ultrasonic bath (UB) (Slavutsky & Bertuzzi, 2014). 

Therefore, the search for new methodologies for the preparation of biocomposites should be 

addressed aiming improved film properties.  

One of the proposals is the use of electro-heating technology that is also known as moderate 

electric fields (MEF). It is based on the passage of electric current through a sample having an 

inherent electric resistance, where the electrical energy is converted directly into heat and the 

instantaneous heating occurs at a rate which depends on the intensity of the current passing 

through the material (Souza et al., 2010; Pereira, Souza, Cerqueira, Teixeira, & Vicente, 2010). 

This technology has been used in several applications in food processing as in operations of 

blanching, evaporation, dehydration and pasteurization (Sastry & Barach, 2000).  

Recently, it gained a new interest in the food area being applied in film production of 

proteins and polysaccharides (Souza et al., 2010; Pereira et al., 2010). There are some studies 

showing significant improvement of various properties of edible films and coatings with the 

application of moderate electric fields (MEF) (Lei, Zhi, Xiujin, Takasuke, & Zaigui, 2007; 

García, Famá, Dufresne, Aranguren, & Goyanes, 2009; Souza et al., 2009; Pereira et al., 2010; 

Souza et al., 2010). Nevertheless, there are still no studies on the application of this technology 

in chitosan and starch filmogenic solutions with the incorporation of MCC. 
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Thus, this study aimed to produce chitosan and starch-based films with incorporation of 

different concentrations of MCC and evaluate the effects of incorporation under MEF and UB 

treatments. Physical and structural characterization of the produced films, as well as the effect of 

the different MCC concentrations on the film properties were also addressed. 

 

2. Materials and methods 

2.1. Materials 

Starch potato was obtained from Sigma-Aldrich Química, S.L (Portugal), and a high 

molecular weight and deacetylated (95 %) chitosan was obtained from Golden-Shell Biochemical 

Co., Ltd. (Yuhuan, China). Glycerol (87 %) was obtained from Acros Organics (Belgium), lactic 

acid (98 %) was obtained from Merck (Germany), and microcrystalline cellulose (MCC) 

(Avicel® PH-101, 11363; density is 0.26 to 0.31 g/cm3, particle size is approximately 50 micra 

and the moisture content vary in the range of 3 – 5 %) was obtained from Sigma-Aldrich Química, 

S.L (Portugal). 

 

2.2. Film preparation 

The starch film (ST) forming solution was prepared by mixing starch (1 %, w/v) and water. 

The chitosan- based film (CH) solutions were prepared by dissolving the chitosan (1 %, w/v) in 

a 1% (v/v) lactic acid solution. Both solutions were stirred using a magnetic stirrer at 400 rpm 

for 21 h at room temperature (20 °C); subsequently an appropriate amount of MCC was added 

to the solution (0.1 or 0.2 %, w/v). Then, the mixture was left under stirring for 2 h and the 

glycerol added at a concentration of 0.25 g/g polymer and left under agitation for 1 h. Two 

treatments were performed to the film forming solutions, heating with further dispersion in 

sonication bath and moderate electric fields. 

 

2.2.1 Ultrasonic bath 

The ST and CH film-forming solutions (prepared as was described in Section 2.2) were 

heated in a shaking water bath at 70 C during 30 min under agitation (400 rpm). This procedure 

ensured the total dissolution of ST and CH and the formation of a homogeneous dispersion. 

Temperature progress, during conventional experiment, was measured with a thermocouple, 

placed at the geometric center of the sample volume. The resulting dispersion was kept 45 min 

in ultrasonication bath (UB) (Branson 5510 Ultrasonic Cleaners, Frequency: 40 kHz), used to 

disperse 0.1 and 0.2 % of MCC in the matrix, which were named as CH.UB-0.1, ST.UB-0.1, 

CH.UB-0.2, ST.UB-0.2, respectively. Samples that did not contain MCC were entitled CH.UB-
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C or ST.UB-C. At the end, a constant amount of the film-forming solutions (28 mL) were cast in 

acrylic plates (90 mm × 15 mm) and dried at 35 ± 1 C for 24 h in an air-circulating oven. 

 

2.2.2 Moderate electric fields  

A set of experiments was conducted to determine the effect of using moderate electric fields 

(MEF) on the production of CH and ST -based films with 0.1 and 0.2 % MCC (CH.MEF-0.1 or 

ST.MEF-0.1 and CH.MEF-0.2 or ST.MEF-0.2, respectively). Samples that did not contain MCC 

were entitled CH.MEF-C or ST.MEF-C. 

The heater used consisted of a cylindrical glass tube of 30 cm total length and 2.3 cm inside 

diameter; two Titanium electrodes with Teflon pressure caps placed at each end of the tube. 

The CH film forming solution samples (prepared as was described in Section 2.2) were 

treated using a MEF intensity of 7.6 V.cm-1 with an interval of 6 cm between the electrodes, 

which allowed working at constant temperature of 70 C. A magnetic stirrer was introduced 

inside the glass tube to homogenize the solution and improve heat transfer during the heating 

cycle. Temperature was controlled using of a function generator (Agilent 33220A, Penang, 

Malaysia) connected to amplifier equipment (Peavey CS3000, Meridian, MS, USA) and 

alternating current source with an electrical frequency of 25 kHz. Temperatures were monitored 

using a type-K thermocouple (1 C, Omega, 709, USA), placed at the geometrical center of the 

chamber through an available opening. A data logger (National Instruments, USB-9161, U.S.A.) 

working with Lab View 7 Express software (National Instruments, NI Data logger) was 

employed to record continuously treatment temperature. Electrical frequency, voltage applied 

and current intensity were measured simultaneously using portable oscilloscope (ScopeMeter® 

125/S, 124 Fluke, Everett, WA, USA). 

The same conditions were used for the ST film forming solution (according described in 

Section 2.2), but due to its low electrical conductivity, the experiments were performed in a 

double-walled water-jacketed reactor vessel (3 mm of internal diameter and 100 mm height) 

connected to temperature controlled water bath (~70 C). This allowed working at the same 

electric field as CH solution, without changing thermal conditions. 
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2.3. Characterization of the films 

2.3.1. Conditioning 

All dried films were stored in desiccators at 25 C and 54 % relative humidity (obtained 

using a Mg(NO3)2.6H2O-saturated solution) until tests. The moisture content, solubility, water 

vapor permeability and thermogravimetric analysis measurements were performed in triplicate.  

 

2.3.2. Thickness 

Film thickness was measured with a hand-held digital micrometer (No. 293–561, Mitutoyo, 

Japan). Thickness measurements were taken on each testing sample in ten different randomly 

chosen points and the mean values were used for water vapour permeability and mechanical 

properties determination. 

 

2.3.3 Moisture content 

The moisture content was determined gravimetrically using equation (1), by drying the 

films at 105 C in an oven with forced air circulation for 24 h.  

 

                                                    MC(%) =
Mi−Mf

Mi
. 100                                                     (1) 

 

Where Mi and Mf are the masses of initial and dried samples, respectively. The experiments were 

performed in triplicate, and expressed as the percentage of water removed from the initial mass 

sample.  

 

2.3.4. Film solubility 

The measurement of film solubility (Sol) in water was determined according to the method 

reported by Cuq, Gontard, Cuq, & Guilbert (1996), by immersion in water of dried films using 

equation (2).  

 

                                                     Sol (%) =
Mi′−Mf′

Mi′
. 100                                                 (2) 

 

Where Mi’ is the initial mass, Mf’ is the final mass of the sample and Sol represent the percentage 

of film solubility.  

Triplicates of each film were cut with a circular mold of 2 cm diameter, dried at 105 C in 

an oven for 24 h and weighed. Then the samples were immersed in 50 mL of water, sealed with 
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parafilm and stirred in an orbital shaker at 60 rpm for 24 h at 25 C. The non-soluble part of each 

film was taken out and dried at 105 C in an oven for 24 h and weighed again in order to determine 

the weight of dry matter. 

 

2.3.5. Water vapor permeability measurement (WVP) 

The measurement of water vapor permeability (WVP) of the films was determined 

gravimetrically based on the ASTM E96-92 method (McHugh, Avenabustillos, & Krochta, 1993; 

Guillard, Broyart, Bonazzi, Guilbert, & Gontard, 2003). 

The film was sealed on the top of a permeation cell containing distilled water (100 % RH; 

2337 Pa vapour pressure at 20 C) and placed in a desiccator at 20 C and 0 % RH (0 Pa water 

vapor pressure) with silica gel. The cups were weighed at intervals of 2 h during 10 h. The water 

transferred through the film and adsorbed by the desiccant was determined from weight loss of 

the permeation cell. Steady-state and uniform water pressure conditions were assumed by 

keeping the air circulation constant outside the test cup by means of a miniature fan placed inside 

the desiccators (Mchugh, Avenabustillos, & Krochta, 1993). The slope of the curve representing 

the weight loss versus time was obtained by linear regression.  

 

2.3.6. Contact angle 

Contact angle measurements were performed in a face contact angle meter (OCA 20, 

Dataphysics, Germany). The samples of the films were taken with a 500 µL syringe (Hamilton, 

Switzerland), with a needle of 0.75 mm of diameter. The contact angle at the film surfaces was 

measured by the sessile drop method (Kwok; Neumann, 1999). Each measurement was made 

within 10 s. At least fifteen contact angle measurements were obtained for each sample at 19.8 

(± 0.3) C. 

 

2.3.7. Optical properties 

The color of films was determined with a digital Minolta colorimeter (Konica Minolta, 

model Chroma Meter CR-400, Osaka, Japan). The CIELab scale was used to determined L*, a* 

and b* color parameters (Alparslan et al., 2014). The opacity (Y) was determined as the 

relationship between the opacity of each sample on a black standard (Yb) and the opacity of each 

sample on the white standard (Yw) (Casariego et al., 2009), using equation (3). 

 

                                                       𝑌 (%) =
𝑌𝑏

𝑌𝑤
. 100                                                    (3) 
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Samples were analyzed in triplicate, recording five measurements for replicate.  

 

2.3.8. Scanning electronic microscopy (SEM) 

The effect of MCC incorporation in film was evaluated in respect to the surface 

morphology and cross-sectional using scanning electron microscope (SEM) (Nova NanoSEM 

200, Eindhoven, Netherlands) with an accelerating voltage of 10 a 15 kV under vacuum 

conditions. Before analyses, the films were maintained at 20 C and 54 % relative humidity (RH) 

for 24 h. All samples were mounted on aluminum stubs using carbon adhesive Tape, and after 

that were sputter-coated with gold with thickness of about 10 nm. 

 

2.3.9. Mechanical properties 

Tensile strength (TS), elongation at break (EB) and Young´s modulus (YM) were measured 

with a TA.HD plus Texture Analyzer (Serial RS232, Stable Micro Systems, Surrey, UK), with a 

load cell of 5 kg,  following the guidelines of ASTM D 882-02 (2010). Film strips with a length 

of 120 mm and a width of 20 mm were used and the average film thickness was measured with 

digital micrometer (section 2.3.2). The initial grip separation was set at 100 mm and the crosshead 

speed was set at 5 mm min-1. The tests were replicated nine times for each sample. 

 

2.3.10. X-ray diffraction (XRD) 

X-ray diffraction patterns of the samples were analyzed between 2θ=4 and 2θ=60 with a 

step size 2θ=0.02 in an X-ray diffraction instrument (Bruker D8 Discover, USA).  

 

2.3.11. Fourier-transform infrared (FTIR) spectroscopy 

The films were characterized by Fourier Transform Infrared (FTIR) Spectroscopy on a 

Bruker FT-IR VERTEX 80/80v (Boston, USA) in Attenuated Total Reflectance mode (ATR) 

with a platinum crystal accessory between 400 and 4000 cm-1, using 16 scans at a resolution of 

4 cm-1. Before analysis, an open bean background spectrum was recorded as a blank. The neat 

films of chitosan and starch were used as control and each spectrum recorded for the films with 

the incorporation of MCC and different treatments. 

 

2.3.12. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was completed with a PerkinElmer TGA 4000 

(PerkinElmer, Massachusetts, EUA). For TGA analysis about 10 to 12 mg of the sample were 
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placed in the balance system and heated from 20 ºC to 450 ºC at a heating rate of 10 ºC.min-1 

under a nitrogen atmosphere 

 

2.3.13. Statistical analysis  

One-way ANOVA was applied to analyze data and when detected the existence of 

significant differences between treatments, the averages were compared according to the Tukey 

test, adopting the 5 % (p<0.05) significance level. The statistical analyses were performed using 

SISVAR version 5.6 program (SISVAR®, Brazil). 

 

3. Results  

3.1 Thickness, moisture content, solubility, water vapour permeability and contact angle  

Table 1 shows the values of thickness, moisture content (MC), solubility (Sol), water 

vapour permeability (WVP) and contact angle (CA) of the chitosan and starch-based films with 

increasing concentrations of MCC and the UB and MEF treatments.  

The incorporation of MCC in the chitosan- based films increased (p<0.05) the film thickness for 

both treatments, with no differences observed between treatments using UB and MEF. The MC 

values of the neat chitosan film decrease significantly (p<0.05) when 0.2 % of MCC was added 

to the films (CH.UB-0.2) (28.20 ± 0.01 %). However, for films treated with MEF such results 

were not observed, and the incorporation of MCC in chitosan-based films showed no effect 

(p>0.05). For film solubility, no significant differences (p>0.05) were observed among all 

treatments. 

The application of MEF lead to lower WPV values for chitosan control films (CH.MEF-

C), being these values statistically different from the other treatments (p<0.05). This behavior 

was not observed when MCC was incorporated in the chitosan-based films (CH.MEF-0.1 and 

CH.MEF-0.2). 

The hydrophilicity of films can be accessed through the determination of the contact angle 

between a water drop and the film surface. In order to understand the effect of MCC and treatment 

(i.e. MEF and UB) on films hydrophilicity, contact angles were determined for all the produced 

films. Results showed that when MCC is added to chitosan-based films, the CA values decreased 

(CH.UB-0.1, CH.UB- 0.2, CH.MEF-0.1 and CH.MEF-0.2) when compared to the respective 

control films (CH.UB-C and CH.MEF-C). However, the CA values were higher when the MEF 

treatment was applied, forming more hydrophobic films (CH.MEF-C, CH.MEF-0.1 and 

CH.MEF-0.2) (Supporting information Fig 1). 
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In the starch-based films the ST.UB-0.1 and ST.UB-0.2 films showed higher thickness 

values (0.058 and 0.081 mm, respectively), that result from the addition of MCC in the films 

matrix. The same behavior was observed for the chitosan-based films; however, the thickness 

values were lower when the MEF treatment was applied. 

The MC of the starch-based film increased significantly (p<0.05) when 0.1 % of MCC was 

incorporated in the films, regardless of the applied treatment (ST.UB-0.1 and ST.MEF-0.1). 

Solubility of starch-based films with or without addition of MCC and regardless of the treatment 

applied (UB or MEF) was not statistically different (p>0.05). 

The results showed that ST.UB-0.1 and ST.UB-0.2 films are more permeable (p<0.05) 

when compared to the ST.UB-C films and to the films where MEF was applied (ST.MEF-C, 

ST.MEF-0.1, ST.MEF-0.2). Therefore, the ST.UB-C, ST.MEF-C, and ST.MEF-0.2 films 

presented lower WPV values. For starch-based films, the incorporation of 0.1 % MCC leads to 

significantly higher CA values (p<0.05). When the MEF treatment was applied, the CA values 

decreased significantly (p<0.05) and thus leading to the formation of more hydrophilic films 

(ST.MEF-C, ST.MEF-0.1 and ST.MEF-0.2 (Supporting information Fig 1). 
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Table 1. Values of thickness, moisture content (MC), solubility (Sol), water vapor permeability 

(WVP) and contact angle (CA) of the chitosan (CH) and starch (ST) based films with different 

microcrystalline cellulose (MCC) concentrations (0.1 or 0.2 %) after ultrasound bath (UB) or 

moderate electric fields (MEF) treatments. 

Film Thickness (mm) MC (%) Sol (%) 
WVP x 107 

(g h-1 m-1 Pa-1) 
CA () 

CH.UB-C 0.069±0.005a 36.56±0.02a 35.95±0.03a 2.26±0.17a 71.94± 1.47a 

CH.UB-0.1 0.090±0.002b 41.14±0.01a 33.48±0.03a 2.60±0.05a 64.52± 1.59b 

CH.UB-0.2 0.094±0.002b 28.20±0.01b 30.25±0.03a 2.57±0.08a 51.44± 1.96c 

CH.MEF-C 0.064±0.008a 39.70±0.03a 34.04±0.04a 1.68±0.16b 103.29± 3.60d 

CH.MEF-0.1 0.084±0.004b 39.43±0.02a 32.09±0.01a 2.19±0.24a 91.62± 0.48e 

CH.MEF-0.2 0.091±0.004b 37.33±0.01a 30.32±0.01a 2.38±0.15a 75.87± 2.44a 

 

ST.UB-C 0.047±0.002AB 12.04±0.02A 23.06±0.03A 1.43±0.13A 41.68±1.82A 

ST.UB-0.1 0.058±0.003C 22.08±0.01B 20.00±0.01A 2.19±0.20B 50.62±1.38B 

ST.UB-0.2 0.081±0.001D 10.64±0.02A 20.67±0.03A 2.51±0.06B 48.70±1.36B 

ST.MEF-C 0.039±0.009A 12.45±0.04A 23.45±0.07A 1.12±0.25A 24.94±0.84C 

ST.MEF-0.1 0.044±0.003AB 28.90±0.01B 18.09±0.03A 1.81±0.16C 31.14±1.04D 

ST.MEF-0.2 0.047±0.002B 12.91±0.05A 21.588±0.01A 1.24±0.08A 28.68± 0.57CD 

*Different letters in the same column indicate a statistically significant difference (p<0.05), where lowercase letters 

correspond to chitosan-based films samples and uppercase letters correspond to starch-based films.  

 

3.2 Optical properties 

Table 2 shows the color parameters and opacity values for chitosan and starch-based films. 

For the consumer, the films should be visually attractive, in order to maintain the acceptance of 

the product when applied (Souza et al., 2009a). As shown in Table 2, in CH films, the lightness 

(L), a* and b* values did not change significantly (p<0.05) after incorporation of MCC and the 

applied treatments (UB or MEF).  

All the films with MCC were perceived to be slightly opaque (Table 2 and Supporting 

Information Fig 2) but only chitosan-based films with 0.2 % MCC (CH.UB-0.2 and CH.MEF-

0.2) exhibited significantly higher (p<0.05) values of opacity when compared to the control film 

(CH.UB-C and CH.MEF-C, respectively).  

In starch-based films the results show that the lightness is somewhat high (p<0.05) with 

addition of MCC and application of MEF treatment (ST.MEF-0.1 and ST.MEF-0.2). The a* 
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values did not change significantly after incorporation of MCC as well as was not affected by the 

applied treatments (UB or MEF). The increase of b* indicates the intensification of the 

yellowness of the starch-based film. The increase of b* values of both treatments with MCC 

films were observed, regardless of the treatment applied (UB or MEF). However, there were no 

significant differences in b* between ST.UB-0.1 and ST.UB-C films (p>0.05). This result shows 

that the application of MEF in films with MCC had a significant effect on L* and b* parameters 

of starch films. 

As well as the chitosan- based film, all the starch films with the addition of MCC were 

perceived to be slightly opaque (Table 2 and Supporting information Fig 2). Starch-based films 

with 0.2 % and 0.1 % MCC (ST.UB-0.1, ST.UB-0.2, ST.MEF-0.1 and ST.MEF-0.2) exhibited 

significantly higher (p<0.05) values of opacity when compared to the control film (ST.UB-C and 

ST. MEF-C).  

 

Table 2. Optical properties of chitosan (CH) and starch (ST) based films with different 

microcrystalline cellulose (MCC) concentrations (0.1 or 0.2 %) and ultrasound bath (UB) or 

moderate electric fields (MEF) treatments. 

Film L* (lightness) a* b* Opacity (%) 

CH.UB-C 94.52±0.16a -1.38±0.29a  14.09±3.24a  4.07±0.62a 

CH.UB-0.1 94.49±0.18a -1.20±0.12a 13.14±0.64a 5.50±0.43ab 

CH.UB-0.2 94.69±0.38a -1.03±0.19a 11.66±1.07a 9.06±2.20c 

CH.MEF-C 94.09±0.52a -1.26±0.15a 13.05±1.31a 4.87±0.78a 

CH.MEF-0.1 94.25±0.68a -1.19±0.11a 12.88±1.63a 6.75±1.96abc 

CH.MEF-0.2 94.32±0.64a -0.95±0.08a 11.50±1.17a 8.40±0.21bc 

     

ST.UB-C 97.11±0.16A 0.19±0.01A  1.97±0.05AB  9.74±0.19A 

ST.UB-0.1 97.47±0.11A 0.16±0.04A 2.08±0.01BC 12.46±0.27B 

ST.UB-0.2 97.39±0.05A 0.13±0.02A 2.14±0.08C 13.25±0.13B 

ST.MEF-C 97.20±0.29A 0.15±0.04A 1.86±0.04A 10.06±0.46A 

ST.MEF-0.1 98.12±0.19B 0.21±0.10A 2.03±0.05BC 12.80±0.43B 

ST.MEF-0.2 98.08±0.20B 0.17±0.02A 2.04±0.03BC 14.15±1.21B 

*Different letters in the same column indicate a statistically significant difference (p<0.05), where lowercase letters 

correspond to chitosan-based films samples and uppercase letters correspond to starch-based films.  
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3.3 Scanning electron microscopy 

SEM was used to evaluate the morphology of the films before and after incorporation of 

MCC and after the use of UB and MEF treatments. As can be seen in Fig. 1a, SEM micrograph 

of control chitosan-based film (CH.UB-C and CH.MEF-C)  shows a relatively smooth surface 

without any phase separation indicating an appropriate dissolution of chitosan in the acidic 

solution (Dehnad et al., 2014a).The chitosan- based films containing different concentrations of 

MCC showed a more heterogeneous Surface (Fig.1 (a)- CH.UB-01, CH.UB-0.2, CH.MEF-0.1 

and CH.MEF-0.2). This observation was also verified with the analysis of the cross-sectional 

images, where some visible changes were noticed when compared with the control film. It is 

clear that the roughness of the surface of the films increases when MCC is added to the starch-

based film, these results can be seen in Figure 1. It can also be noted that the application of the 

MEF treatment has formed starch-based films with more MCC in the surface, this fact can be 

noticed both on the surface of the film (Fig 1(a) - ST.UB-01, ST.UB-0.2, ST.MEF-0.1 and 

ST.MEF-0.2) as well as in the cross-sectional image (Fig 1(b) - ST.UB-01, ST.UB-0.2, ST.MEF-

0.1 and ST.MEF-0.2). 
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Figure. 1. Scanning electron microscopy images of (a) surface at 250x of magnification with 

scale bar of 400 µm and (b) cross-sectional at 2000x of magnification with scale bar of 50 µm 

for chitosan -based films(CH) and cross-sectional at 5000x of magnification with scale bar of 20 

µm for starch-based films (ST) films without and with addition of MCC after treatment with 

ultrasound bath (UB) and moderate electric fields (MEF). 
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3.4 Mechanical properties 

Table 3 presents the TS, EB and YM values of chitosan and starch-based films. For the 

chitosan films, the addition of MCC was not effective to increase the TS. The use of MEF 

treatment in the preparation of films increased the TS in CH.MEF-C when compared to the 

CH.UB-C (p<0.05). EB values decreased for film with higher MCC content, namely for CH.UB-

0.2, CH.MEF-0.1 and CH.MEF-0.2 with exception of the CH.UB-0.1 film. An inverse 

relationship was found for the YM values, once these films had the highest values of YM. 

However, for the films with MEF treatment the EB values were only reduced in case of CH.MEF-

0.1 when compared to the CH.UB-C (p<0.05), while YM values remained unchanged. 

Regarding the starch-based films, the addition of MCC in both concentrations lead to a 

decreasing of the TS values for UB films (p < 0.05). This pattern was different from the behavior 

observed for the chitosan- based films, where the application of MEF treatments resulted in films 

with lower TS, with or without MCC. The films with MCC showed lower values of EB but with 

application of MEF treatment in the starch solution, the ST.MEF-C and ST.MEF-0.1 films 

showed higher EB values when compared to ST.UB-C and ST.UB-0.1 films (p<0.05). The YM 

was affected by all concentrations of MCC increment in the matrix when UB treatment was 

applied (ST.UB-0.1 and ST.UB-0.2), decreasing the values of YM (p<0.05). The application of 

MEF treatments resulted in films with lower YM, with or without MCC. 
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Table 3. Mechanical properties of chitosan (CH) and starch (ST) based films for increasing 

microcrystalline cellulose (MCC) concentrations for ultrasound bath (UB) or moderate electric 

fields (MEF) treatments  

Film 
Tensile 

strength (MPa) 

Elongation at 

break (%) 

Young's modulus 

(MPa) 

CH.UB-C 3.05±0.40a 108.21±2.13a 0.02±0.01a  

CH.UB-0.1 4.40±0.41ab 112.55±1.97a 0.04±0.02ab 

CH.UB-0.2 4.95±0.43abc 64.40±2.29b 0.09±0.02cd 

CH.MEF-C 7.36±1.39d 106.78±15.54a 0.05±0.01abc 

CH.MEF-0.1 5.55±0.45bcd 63.94±2.78b 0.08±0.01bcd 

CH.MEF-0.2 6.77±0.84cd 72.19±6.16b 0.10±0.01d 

    

ST.UB-C 31.70±1.33A 3.07±0.17A 14.51±1.25A 

ST.UB-0.1 14.70±1.58B 1.84±0.23B 10.78±0.50B 

ST.UB-0.2 14.05±1.22B 1.95±0.04B 9.65±1.0B 

ST.MEF-C 7.31±0.53C 4.81±0.19C 3.85±0.83C 

ST.MEF-0.1 6.42±0.16C 2.96±0.26AD 4.08±0.46C 

ST.MEF-0.2 5.86±1.19C 2.28±0.46BD 4.14±0.90C 

*Different letters in the same column indicate a statistically significant difference (p<0.05), where lowercase letters 

correspond to chitosan-based films samples and uppercase letters correspond to starch-based films.  

 

3.5 X-ray diffraction (XRD) 

Structural analysis of chitosan and starch-based films with and without MCC, after UB and 

MEF treatment was performed by XRD. Fig 2 represents the diffractograms of the CH and ST-

based films, after UB and MEF treatment. These patterns are typical of semi-crystalline materials 

with an amorphous region and crystalline peaks. 

The XRD diffractograms showed a reflection peak located at about 2ϴ=22.5 °, which is 

related to the crystalline structure of cellulose I  (Segal et al., 1959) This peak can be observed 

for all films with the increase of MCC content (0.1 or 0.2 %). In addition, happens an increase 

of the peak intensity with increased concentrations of MCC. 

In Fig. 2a the CH films peaks were evidenced at 2ϴ =20, indicates the semi-amorphous 

nature of this polymer and is in agreement with other published results (Souza et al., 2010; 

Dehnad et al., 2014; Celebi & Kurt, 2015). The effect of preparation method on XRD can be 

investigated and no significant changes were observed in the chitosan-based films.  
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As shown in Fig. 2b, starch films displayed a β-type with strongest reflections at about 

2ϴ=17º and a few smaller reflections at about 2ϴ=14.5º, similar to that reported by Tibolla, 

Pelissari, & Menegalli (2014) and  Li et al. (2016). This can be noticed mainly in the sample 

ST.UB-C presented strongest reflections in these peaks. The diffraction peak about 2ϴ=17º 

decrease in intensity in the other films, and the reflections at about 2ϴ=14.5º disappeared when 

the filmogenic starch solutions were treated with MEF. Thus, the application of the MEF changes 

the diffraction pattern in the starch, and it is not possible to visualize the peaks that are notorious 

in the samples treated by UB. 

 

Figure 2. Diffractograms of chitosan (A) and starch (B) based films with different 

microcrystalline cellulose (MCC) concentrations (0.1 or 0.2 %) after ultrasound bath (UB) or 

moderate electric fields (MEF) treatments. 

 

3.6 FTIR spectroscopy 

 Fourier transform infrared spectroscopy (FTIR) was used for the evaluation of possible 

chemical interactions between MCC and the film matrix (CH and ST) as well as the treatments 

applied (UB and MEF) and possible modifications in their chemical structure; when compounds 

are mixed, physical bonds and chemical interactions are reflected by changes in characteristic 

spectral peaks (Martins, Cerqueira, & Vicente, 2012). Fig. 3a shows a comparison between the 

FTIR spectra of the CH films with or without MCC after treatment with UB and MEF. The 

spectra recorded for the films with MCC (CH.UB-0.1, CH.UB-0.2, CH.MEF-0.1 and CH.MEF-

0.2) were subtracted to the spectrum obtained for CH control film, according to treatments 

applied. In general, all of the films presented a broad band between 3500 and 3100 cm-1, 
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attributed to the stretching of hydroxyl (OH) groups that overlaps the N-H stretching vibration 

in the same region  (Khan et al., 2012; Celebi & Kurt, 2015). 

 The broad band between 2800 and 3000 cm-1 is attributed to C-H (Cerqueira et al., 2012; 

Martins et al., 2012; SriBala, Chennuru, Mahapatra, & Vinu, 2016). With the incorporation of 

MCC and MEF treatment was observed a low variation in this band. The addition of 0.2 % MCC 

increased the intensity of the bands, while a different behavior was observed for 0.1 % MCC, 

where the intensity of the O-H stretching vibration was similar to the chitosan- based film used 

as control and all the films UB. The peak approximately at 1733 cm-1 is reported to be 

characteristic of a carbonyl group (C=O) vibrations, present in the film matrix (Pawlak & Mucha, 

2003; Martins et al., 2012). 

 The FTIR spectrum of neat chitosan-based films showed the characteristic saccharide 

structure peaks at 1030 and 1076 cm-1 due to the C single bond O stretching and O single bond 

H bending, respectively (Khan et al., 2012; Celebi & Kurt, 2015). 

 Fig. 3b shows a comparison between the FTIR spectra of the ST films with or without 

MCC after submission of the filmogenic solution to the UB and MEF; the spectra of the ST-

based film control was used background. In general, all of the films presented a broad band 

between 3500 and 3100 cm-1, attributed to the stretching of hydroxyl (OH) groups that overlaps 

the N-H stretching vibration in the same region. The broad band between 2800 and 3000 cm-1 is 

attributed to C-H stretching vibration  (Cerqueira et al., 2012; Martins et al., 2012; SriBala et al., 

2016). 

With the application of UB treatment was observed a low variation in this band with an 

increase of the bands intensity. The bands in the region between 1002 and 917 cm-1 observed in 

all spectra were assigned to C-OH deformation of starch molecules and methods related to the 

CH2 group. These bands were also identified in the spectra of films with MCC. 
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Figure 3. FTIR spectra of chitosan (A) and starch (B) based films for increasing microcrystalline 

cellulose (MCC) concentrations after ultrasound bath (UB) or moderate electric fields (MEF) 

treatments. 

 

3.7 Thermal analyses  

Figures. 4a and 4b show the peak values and the corresponding weight loss for each event, 

for CH and ST films, respectively. Thermal analysis shows that for both polymers (CH and ST 

films) are present at least three thermal events. However, for samples with MCC a fourth event 

was observed. Small differences are observed in Peak 2 arising from MCC content in the CH-

based films, with a decrease of the weight loss in films with 0.2 % of MCC (CH.UB-0.2 and 

CH.MEF-0.2) when compared with the others CH films. There was no difference in the thermal 

behavior between the treatments applied either UB or MEF. 

The thermogravimetric curves of starch films subjected to the different treatments (Figure 

6b) showed essentially the same behavior, indicating that apparently occurs a similar degradation 

mechanism with the temperature. In ST films containing MCC, the weight loss at peak 1 presents 

statistically significant differences (p<0.05) where a decrease of the weight loss for the film with 

0.2 % MCC (ST.UB-0.2 and ST.MEF-0.2) is observed (data not shown). However, these samples 

do not exhibit a significantly different value when compared with ST.UB-0.1 (5.57±0.50, 

5.45±0.41 and 6.29±0.78, respectively) (p>0.05). The difference in weight loss due to the 

presence of glycerol (peak 2) is also marked, where a decrease of the weight loss for the film 

with 0.2 % MCC (ST.UB-0.2 and ST.MEF-0.2) is observed; nevertheless, these values are not 

significantly different values from the ST.UB-0.1 and ST.UB-C (p>0.05) (data not shown).  
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The peak 3 shows that the addition of 0.1 % of MCC increases the thermal stability, where 

a decrease of the weight loss for the film ST.MEF-0.1 (p<0.05) is observed.   

Figure 4. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves 

for chitosan (a) and starch (b) based films with different microcrystalline cellulose (MCC) 

concentrations (0.1 or 0.2 %) after ultrasound bath (UB) or moderate electric fields (MEF) 

treatments. 

 

4. Discussion 

The studied materials are proposed for short-lived applications such as food packaging. For 

this reason, its behavior at temperatures close to ambient temperature is interesting. The 

incorporation of MCC in chitosan- based films and starch increased (p<0.05) film thickness, 

results that are in agreement with published works (Shankar; Rhim, 2016). Also, the use of MEF 

instead of UB treatment in starch-based films presents an effect on films thickness (higher 

values). Regarding chitosan-based films the type of pretreatment does not change the values that 

is in agreement with Souza et al. (2010) that showed that the thickness of chitosan-based films 

produced with the use of electric fields (100 V cm-1 and 200 V cm-1) did not show statistical 

differences (p>0.05) when compared to the untreated samples.  

It was also observed that the addition of MCC changed the MC values, being the effect 

dependent on the biopolymer used. The interaction between the starch molecules (0.1 % MCC) 

produced a greater number of sites available for binding water, so these films showed superior 

moisture when compared to other starch films. The decrement of the MC content showed by of 

the chitosan film filled with 0.2 % of MCC can be explained by the better dispersion of the higher 
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concentration of the particles promoted by UB treatment, thus the formation of hydrogen bonds 

between the polymers reduced the interaction between the water and the film. 

Some authors have reported that poor dispersion of strengthening material can lead to the 

formation of agglomerates of such material, even in low concentration, create some preferential 

route for moisture transport, which facilitates the WVP. Shankar & Rhim (2016)  showed that 

the incorporation of MCC in agar films resulted in increased WVP values which may be due to 

the bulky structure of MCC. This was also showed in this work when MEF was applied in 

chitosan-based films, since only the control films showed a decrease of WVP. This in agreement 

with results obtained by Souza et al. (2010) that showed that WVP of chitosan-based films 

decreased with increasing field strength values of 100 V.cm-1 and 200 V.cm-1. Regarding the 

production of starch-based films containing MCC, application of MEF resulted in thinner films. 

Starch films with MCC produced under effects of MEF presented lower WVP, this result may 

be associated with smaller thickness of these films. 

The CA of the films is a good indicator of the degree of hydrophilicity and hydrophobicity 

of film surface. According to the Slavutsky & Bertuzzi (2014), an increase in the contact angle 

indicates an increase in film hydrophobicity. Quantitative differentiation between “hydrophobic” 

and “hydrophilic” surfaces is based on whether the water contact angle is θ > 90° or θ < 90°, 

respectively (Ma, Hu, Wang, & Wang, 2016). Therefore, all samples of starch films can be 

considered to have hydrophilic surfaces, presenting values of contact angle below 90°, and 

chitosan-based films CH.MEF-C and CH.MEF-0.1 can be considered to have hydrophobic 

surfaces, both presenting values of contact angle above 90°; these results not being observed for 

other chitosan- based films. MCC is a hydrophilic material, with the presence of hydroxyl groups 

on their surface (Thoorens et al., 2014) . In chitosan-based films, adding MCC reduces CA 

values, forming more hydrophilic films. This might be attributed to the hydrophilic character of 

cellulose particles (Reddy; Rhim, 2014b). However, for starch films this result was different, as 

adding MCC made films less hydrophilic. Slavutsky & Bertuzzi (2014) observed a high 

increment of the hydrophobic character in starch films when they were added with cellulose 

nanocrystals (CNC) obtained from sugarcane bagasse; according to authors these indicate a 

strong interaction between starch chains and CNC with formation of hydrogen bonds reducing 

the interaction between water and the film surface. In these cases, the differences can be related 

with the high crystallinity of CNC when compared with MCC that still presents a high amorphous 

pattern (Bondeson, Mathew, & Oksman, 2006; Li et al., 2009).  

The CA values which lead us to conclude that the presence of MEF changes the way that 

the polysaccharides structure is distributed in the films. Electrical disturbance of MEF can 
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impose reorientation of molecules was described elsewhere (Pereira et al., 2016). In this case, 

these events may have reduced the exposure of hydrophilic groups. While for chitosan it seems 

that MEF promotes the reorientation of molecules and reduces the exposure of hydrophilic 

groups in the surface, for starch films the lower CA values indicate that happens an increase of 

the exposure of hydrophilic groups toward the surface.    

SEM of the chitosan- based films showed a homogeneous and random distribution of the 

MCC, without pores or cracks, with few visible changes compared with the control film and the 

heterogeneous structure of the starch film. Most of the particles are embedded rather than pulled 

out from the chitosan matrix showing a strong interfacial adhesion between the fillers and matrix, 

as was observed by (Celebi & Kurt, 2015). Apparently, the MCC were covered by the chitosan 

matrix, showing a good adhesion between both. A more homogeneous dispersion of MCC limits 

the formation of agglomerates of the material and promotes the cellulose-chitosan interactions 

needed to ensure the voltage transfer in enhancing interface polymer/matrix. 

It is clear that the roughness of the surface of the films increases when MCC are added to 

the starch-based film. This suggests that the increase of MCC concentrations modified the surface 

microstructure of the starch-based films, probably due to low compatibility between MCC and 

starch. The application of the MEF treatment has formed starch films with more MCC in the 

surface, which could also explain the lower values found for CA. 

The addition of the MCC leads to an increase of b* values of both treatments in starch-

based films, which indicates the intensification of the yellowness of the starch film, possibly by 

MCC color, similar results were obtained when MCC was incorporated into agar matrix (Shankar 

& Rhim, 2016). All the films presented high values of lightness (L* > 94.09), evidencing the 

light color. 

The addition of MCC leads to more opaque films. The possible reason for higher opacity 

values in films containing microparticles is due to the fact that mean particle size is much larger 

than the size of the interspace in matrix film (Shi et al., 2013) and when the light passes through 

these films, much lower extent of light is transmitted through the film. Thus, this property could 

be interesting for food packaging as a barrier against light, which is one of the causes of 

degradation of certain foods.  

The addition of the highest MCC concentration studied (0.2 %) to chitosan-based films 

lead to more rigid films when compared to control films. This is explained by the incorporation 

of MCC that causes a reinforcement of the matrix attributed to the good filler-matrix adhesion, 

how was observed in SEM morphologies, which is expected to cause an efficient stress transfer 

from the matrix to the filler (Rico et al., 2016). However, these films showed to become less 
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flexible, meaning lower values of EB. Generally, the incorporation of microcrystals tends to 

reduce the elongation of the films (Lu, Weng, & Cao, 2005; Freire et al., 2008). Application of 

MEF changed TS films only when comparing the control films. Thus, such films have higher 

ability to withstand tensile stress. Souza et al. (2010) observed an increase of TS values for 

chitosan-based film with MEF treatments of 100 V.cm-1 and 200 V.cm-1.  

In starch films, the incorporation of MCC decreased rigidity and resistance capacity under 

TS in UB films regardless of the concentration used. However, when the starch film-forming 

solutions were subjected to application of MEF these values were lower, possibly this event can 

be associated with poor dispersion of microcrystals between the film, as noted in SEM images. 

As reported in some studies, homogeneous dispersion in the matrix determines the effectiveness 

of the polymer reinforcing material (Azeredo et al., 2009). The addition of MCC films decreased 

EB, but the application of MEF provided control films more flexible at 0.1 %, i.e. with higher 

values of EB. 

  Chuayjuljit, Su-Uthai, Tunwattanaseree, & Charuchinda (2009), reported that the TS of 

the natural rubber latex sheet reinforced with MCC was affected by poor dispersing of MCC in 

the matrix when the concentration was too low or too high. This suggests that there is a 

concentration point for MCC for each type of polymer matrix in which it is possible to obtain a 

good dispersion of the reinforcing material, which reflects an improvement in mechanical 

strength material. The particle size is another factor which influences the effectiveness of the 

reinforcing material, and the smaller particle size have a greater surface area, which enhances its 

ability to interact with the components of the polymeric matrix for transferring mechanical force 

(Eichhorn et al., 2010). Thus, the heterogeneity of sizes of MCC observed in SEM (data not 

shown) may be limiting its capacity as a reinforcing material for these films. 

The increase in diffraction peak at 2ϴ=22.5 with the addition of MCC in CH and ST films 

suggests an increase in the crystallinity of films with MCC, consistent with other published works 

where this phenomenon was attributed to the crystalline nature cellulose derivatives, such as 

MCC (Ma, Yu, & Kennedy, 2005; Tibolla et al., 2014). 

The different MCC contents (0.1 or 0.2 %) decreased the typical starch intensity peak 

(2ϴ=17º), similar to reported by Ma, Yu, & Kennedy (2005), which illustrated a restrained of the 

retrogradation of starch when cellulose fibers were added into the matrix. The decreased intensity 

of peaks at around 2ϴ=17º was verified in films treated with MEF, which indicates a modification 

of crystalline region. This shows that, during the MEF treatment, a structure with a different X-

ray diffraction pattern was developed. Similar results were found by Han, Zeng, Yu, Zhang, & 

Chen (2009) when applying pulsed electric fields (PEF). They observed a loss of crystallinity in 
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the samples treated with 40 kV.cm- 1 showed by the decreased intensity of the peaks of the XRD 

spectra, indicating changes in the crystalline region. 

No significant changes were observed in the FTIR spectra of chitosan-based films, 

indicating that cellulose microparticles were physically incorporated into chitosan in this method. 

Different intensities observed among the starch films suggests that the microparticles of cellulose 

physically added to the starch caused changes in the physical structure of the film. The influence 

of water content and crystallinity on starch samples was studied by Van Soest, Tournois, de Wit, 

& Vliegenthart (1995), that related these aspects with the 1000 cm-1 infrared band of the hydrogen 

bond of the C6 hydroxyl group, observing changes in the band with the addition of water. 

According to García et al. (2009), such results are due to C-OH flexural vibrations which are 

particularly sensitive to water content and are caused by changes in hydrogen bonding attributed 

to variations in the molecular environment of the primary hydroxyl group in amylose resulting 

from changes of intramolecular hydrogen bonding. In addition, both Van Soest et al. (1995) and 

García et al. (2009) also observed that the band intensity at 1022 cm-1 increases with decreasing 

crystallinity. The band reported by Van Soest et al. (1995) at 1022 cm-1 appears at 1012 cm-1 for 

all films, which shows differences between the spectra, with less intense peaks in the films 

ST.UB-0.2, ST.MEF-0.1 and ST.MEF-0.2. In these films, reflection peaks were attributed to the 

stronger cellulose crystallinity (2θ = 22.5), as observed in the samples. XRD analyzes. 

The peak values of thermal events for chitosan and starch-based films with MCC present 

four thermal events. The Peak 1 is related with the water evaporation process, a characteristic 

phenomenon of a polysaccharide with a hydrophilic nature; the Peak 2 (around 200°C) attributed 

to the presence of glycerol; the Peak 3 (around 280°C for the CH films and 300°C for the ST 

film) related to polysaccharide decomposition (Zohuriaan & Shokrolahi, 2004; Cerqueira et al., 

2012; Martins et al., 2012); and the Peak 4 is attributed to the decomposition of the structures 

present in the cellulose observed in all samples with MCC, in the temperature range of 230-370 

° C, which is the cleavage of glycoside linkages of the cellulose, leading to the formation of CO2, 

H2O, alkanes, and other hydrocarbon derivatives (Elanthikkal et al., 2010). 

The effect of MCC on thermal stability of CH and ST films was not completely evident. 

This is probably because the decomposition temperature of MCC occurs close to that of chitosan 

and starch. However, in starch films the incorporation of 0.1 % MCC increases the thermal 

stability of the film, since there was an increase in the temperature of degradation and a 

significant decrease in weight loss (p<0.05). This may be related to the good thermal stability of 

the crystalline structure for the MCC and good interaction between a reduced amount of MCC 

and starch. The starch control film treated with UB presented a peak of 309.53 ± 1.26 ºC with a 
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weight loss of 58.90.17 ± 2.20 % while starch control film treated with MEF presented a peak of 

308.35 ± 0.17 ºC with a 49.58 ± 3.02 to weight loss, similar to the results obtained for other 

starches (Ma et al., 2008; Rico et al., 2016). The application of MEF showed no significant effect 

on the thermal stability of the films.  

5. Conclusion  

Chitosan or starch films reinforced with microcrystalline cellulose showed to be promising 

materials for the development of biodegradable composites. Also, the use of MEF showed to be 

a useful tool for the incorporation of MCC showing to have influence on the physical and 

structural properties of the films. The addition of MCC in chitosan films lead to more hydrophilic 

films, whereas for starch films the results showed a less hydrophilic behaviour. In this case the 

application of MEF was able to change this behaviour, since chitosan films with 0.1 % MCC 

became hydrophobic (θ>90°), while starch films were even more hydrophilic (θ<90°). The higher 

concentration of MCC increased the opacity of the chitosan-based films and, in the same way, it 

significantly altered the mechanical properties of the films, generating more rigid films. SEM 

images showed morphological changes on the surface of the films, with more regular structure 

in chitosan films, whereas a more heterogeneous surface was found in starch films. The 

application of MEF showed no significant effect on the thermal stability of the film, but the 

addition of 0.1 % MCC in starch films increased the thermal stability of the film significantly. In 

this sense the thermal properties of the films found in this study may increase their use as 

packaging materials in applications that high temperatures are needed. 

The application of MEF as well as the addition of MCC are promising tools for the development 

of biodegradable chitosan or starch-based films. 
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Supporting Information 

 

Thickness 

Thickness measurements were taken on each testing sample in ten different randomly chosen 

points and the mean values were used for water vapour permeability and mechanical properties 

determination. 

 

Moisture content 

MC was determined gravimetrically using equation (1), by drying the films at 105 C in an oven 

with forced air circulation for 24 h. 

 

                                                    𝑀𝐶(%) =
𝑀𝑖−𝑀𝑓

𝑀𝑖
. 100                                                (1) 

 

Where Mi and Mf are the masses of initial and dried samples, respectively. 

 

Film solubility  

Film solubility was determined using equation (2). Triplicates of each film were cut with a 

circular mold of 2 cm diameter, dried at 105 C in an oven for 24 h and weighed. Then the 

samples were immersed in 50 mL of water, sealed with parafilm and stirred in an orbital shaker 

at 60 rpm for 24 h at 25 C. The non-soluble part of each film was taken out and dried at 105 C 

in an oven for 24 h and weighed again in order to determine the weight of dry matter.  

 

                                                     𝑆𝑜𝑙 (%) =
𝑀𝑖′−𝑀𝑓′

𝑀𝑖′
. 100                                            (2) 

 

Where Mi’ is the initial mass, Mf’ is the final mass of the sample and % of solubilidade represent 

the soluble material. 

 

Water vapor permeability measurement (WVP) 

The film was sealed on the top of a permeation cell containing distilled water (100% RH; 2337 Pa 

vapour pressure at 20 C) and placed in a desiccator at 20 C and 0% RH (0 Pa water vapor 

pressure) with silica gel. The cups were weighed at intervals of 2 h during 10 h. The water 

transferred through the film and adsorbed by the desiccant was determined from weight loss of 

the permeation cell. Steady-state and uniform water pressure conditions were assumed by 
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keeping the air circulation constant outside the test cup by means of a miniature fan placed inside 

the desiccators (Mc Hugh et al., 1993). The slope of the curve representing the weight loss versus 

time was obtained by linear regression.  

 

Optical properties 

For calibration a white color plate was used (Y=93.5, x = 0.3114, y = 0.3190). The parameters 

used to measure were lightness (L*) (L* = 0 [black] and L* = 100 [white]), a* (-a* = greenness 

and +a* = redness) and b* (-b* = blueness and +b* = yellowness). These parameters are the ones 

recommended by the International Commission on Illumination (Alparslan, et al. 2014). 

The films opacity is an indication of how much light passes through it. How higher the opacity, 

lower the amount of light that can pass through the material. The opacity of the samples was 

determined using equation (3). 

 

                                                        𝑌 (%) =
𝑌𝑏

𝑌𝑤
. 100                                                    (3) 

 

Where Yb is the black standard and Yw is the white standard. 

 

 

 

Figure 1. Contact angle images of chitosan and starch-based film surface without and with 

addition of microcrystalline cellulose (MCC) after treatment with ultrasonication bath (UB) (a-

c; g-i) and moderate electric fields (MEF) (d-f; j-m). Chitosan-based films with UB treatment 

without MCC (a), with 0.1% (b) and 0.2% (c) of MCC. Chitosan-based films with MEF treatment 

without MCC (d), with 0.1% (e) and 0.2% (f) of MCC. Starch-based films with UB treatment 

without MCC (g), with 0.1% (h) and 0.2% (i) of MCC. Starch -based films with MEF without 

(j), with 0.1% (l) and 0.2% (m) of MCC. 
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Figure 2. Images of the films of starch and Chitosan-based films without and with addition of 

microcrystalline cellulose (MCC) after treatment with ultrasonication bath (UB) (a-f; g-i) and 

moderate electric fields (MEF) (d-f; j-m). Starch-based films with UB treatment without (a), with 

0.1% (b) and 0.2% (c) of MCC. Starch-based films with MEF treatment without (d), with 0.1% 

(e) and 0.2% (f) of MCC. Chitosan-based films with UB treatment without (g), with 0.1% (h) 

and 0.2% (i) of MCC. Chitosan-based films with MEF treatment without (j), with 0.1% (l) and 

0.2% (m) of MCC. 
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Abstract 

Cellulose nanocrystals (CNCs) were obtained from grape pomace through chemical and physical 

pretreatments. Bleached cellulose pulp was subjected to acid hydrolysis (AH) for 30 or 60 min 

and an ultrasound treatment to obtain CNCs (AH30S and AH60S). Compositional analyses of 

untreated (UGP) and pretreated (PGP) grape pomace showed the effectiveness of pretreatment 

in removing non-cellulosic components, recovering 80.1% cellulose in PGP (compared to 19.3% 

of UGP). Scanning and transmission electron microscopies were used to evaluate the CNCs 

morphology. AH in combination with ultrasound treatment led to needle-shaped structures and 

apparently more dispersed suspensions. Crystallinity index and thermal stability were studied by 

X-ray diffraction and thermogravimetric analysis, respectively. The AH60S sample presented 

high aspect ratio, crystallinity and thermal stability. CNCs toxicity was evaluated by exposing 

Caco-2 cells to CNCs suspension and evaluating their viability. Results showed that CNCs are 

non-toxic, opening the opportunity for their use on food and pharmaceutical applications. 

 

Keywords: lignocellulosic; pretreatment; biopolymer; nanotechnology. 

  



77 
 

1. Introduction 

A key issue for a sustainable agriculture is the rational use of residues and by-products 

from the agricultural processes. Viticulture generates each year nine million tons of pomace, 

which is about 20% (w/w) of the total grapes used for wine production (Teixeira, Baenas, 

Dominguez-perles, Barros, & Rosa, 2014; Goula, Thymiatis, & Kaderides, 2016). Thus, the 

development of new strategies for the use of grape pomace can minimize their environmental 

impact and, at the same time, add value to this residue. 

Grape pomace consists mainly of polysaccharides from plant cell walls, such as cellulose 

(Beres et al., 2016; Minjares-Fuentes et al., 2016), representing an interesting source to produce 

new materials, as cellulose nanocrystals (CNCs). Lu & Hsieh (2012b) and Hsieh (2013) reported 

the production of CNCs from natural resources, such as grape skin. CNCs are highly crystalline 

cellulose nanostructures presenting interesting properties, such as: low density, surface reactivity, 

high aspect ratio and surface area, high biocompatibility and biodegradability (Brinchi et al., 

2013), moving a millionaire market. According to Market and Market (2018), the nanocellulose 

market is forecasted to achieve $250 Million by 2019. The rising demand and the use in novel 

applications have driven the re- searchers and the industry to explore even more the use of 

nanocellulose. 

Currently, acid hydrolysis and physical processes are widely used for the production of 

CNCs from cellulosic materials (Lu & Hsieh, 2010; Lu & Hsieh, 2012a; Lu & Hsieh, 2012b; 

Johar, Ahmad, & Dufresne, 2012; Jiang & Hsieh, 2013; Oun & Rhim, 2015; Moriana, Vilaplana, 

& Ek, 2016). Depending on the composition of the raw cellulose, pretreatment, and disintegration 

process used, CNCs with different features are obtained, such as diameter, length, crystallinity 

index and thermal decomposition temperature.  

In the last years different approaches have been presented for the production of CNCs. 

Reddy & Rhim (2014) studied the CNC production from mulberry paper pulp by acid hydrolysis 

followed by ultrasound treatment, resulting in mulberry pulp CNC with stem or spherical shape 

with a diameter of 40–50 nm and a length of 200–350 nm. Kallel et al. (2016) also reported acid 

hydrolysis followed by ultrasound treatment to obtain CNC from garlic straw residues; the CNCs 

obtained showed a needle-like structure with a mean diameter of 6 nm and length of 480 nm. Li, 

Yue, & Liu (2012) investigated the production of CNC through ultrasound treatment from 

microcrystalline cellulose. The use of ultrasound resulted in CNCs with a rod-shaped structure 

with diameters between 10 and 20 nm and lengths between 50 and 250 nm. Despite the studies 

carried out involving the CNCs production from cellulose, only few studies investigated the 

chemical composition of the lignocellulosic material (LCM) used, as well as the purity of the 
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cellulose used to produce the CNCs. Additionally, in the case of using grape pomace this has 

never been performed. 

Despite the potential benefits of using materials at nanoscale, there are concerns arising 

from related properties, such as their nano-dimension, large surface area and high reactivity, that 

may represent a health threat to humans and other organisms (Prasad, Bhattacharyya, & Nguyen, 

2017). In fact, and according to the application (e.g. food), the toxicological assessment of 

nanomaterials is essential and should be addressed. Although several studies in the past decade 

have resulted in the development of CNCs with good structural properties from several sources 

(Jiang & Hsieh, 2013; Jiang & Hsieh, 2015; Lu & Hsieh, 2012a; Lu & Hsieh, 2012b; Mueller, 

Weder, & Foster, 2014; Rosa et al., 2010), only few works focused on the toxicity evaluation of 

these products. 

In this sense, this study aimed at obtaining CNCs from Pinot Noir grape pomace, evaluating 

of the effect of acid hydrolysis and ultrasound treatments in their structure and physicochemical 

properties. The chemical composition of the raw material and cellulose obtained after the 

pretreatment steps, which was used to obtain the CNCs, was determined. In the end, the possible 

toxicity of CNCs was also evaluated. 

  

2. Experimental 

2.1. Materials 

Pinot Noir grape pomace, from the white wine vinification process, was kindly donated by 

the Aurora winery (Bento Gonçalves, RS, Brazil). The material was transported frozen and stored 

at -18 °C until processing. Minimum essential medium (MEM) was purchased from Thermo 

Scientific (United Kingdom). Penicillin/streptomycin, fetal bovine serum (FBS) and non-

essential amino acids were purchased from Millipore (Germany). PrestoBlue was acquired from 

Invitrogen (USA). Sodium pyruvate was purchased from Sigma-Aldrich. Ethanol (96% v/ v, 

Panreac, Spain), sulfuric acid (95%–98% w/w, Fisher Chemical, Portugal), sodium hydroxide 

(98.5%, José Manuel Gomes dos Santos Lda, Portugal), hydrogen peroxide (30% weight, Chem-

Lab, Belgium) were used as received without further purification. The water used was purified 

by Milli-Q plus water purification system (Millipore Corporate, Billerica, USA). 

 

2.2. Extraction of cellulose from grape pomace 

Pinot Noir grape pomace was dried at 60 °C for 18 h. After that, the dried material was 

processed in a depulper (Bonina 0.25 df, Itametal, Brazil), where the seeds were trapped in the 

strainer, and the pomace was milled (IKA grinder, A11, Staufen, Germany) and sieved to pass 
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through a 40-mesh screen (untreated grape pomace, UGP). UGP was conditioned in vacuum-

sealed plastic bags, stored at room temperature and protected from light.  

Cellulose was extracted from UGP through the removal of non-cellulosic components 

according to the procedure reported by Lu & Hsieh (2012b) with some modifications. Firstly, 

extractives (e.g. wax, phenolics, pigments and oils) were removed from dried UGP in a 2 L 

stainless steel reactor (Parr Instruments Company, Series 4520 Bench Top Reactor, Moline, 

Illinois, USA), using ethanol (0.067 g UGP/mL) at 120 ºC for 1 h. The recovered solid material 

was oven-dried at 70 °C for 24 h and then pretreated with 2% H2SO4 (0.05 g/mL) under constant 

stirring at 90 ºC for 5 h to hydrolyze acid-soluble polysaccharides and polyphenolics. After that, 

it was filtered and washed with water until neutral pH. The acid pretreated material was further 

leached with 5% NaOH (0.05 g/mL) at room temperature for 10 h and continued at 90 ºC for 5 h 

to dissolve remaining hemicellulose, lignin and other alkali-soluble polysaccharides. The 

alkaline pretreated material was filtered and thoroughly washed with water until neutral pH. After 

that, this material was bleached by 5% H2O2 (0.05 g/mL), pH 11.5 (adjusted with NaOH), at 50 

ºC for 8 h, then cooled to room temperature for 15 h to oxidize and dissolve residual lignin and 

phenolics. The bleaching effect was enhanced by an additional bleaching step for a further 8 h, 

as described previously. The final product was washed with water until neutral pH and the 

resulting aqueous suspension was quickly frozen at -80 °C in a sample container and freeze-dried 

(Alpha 1-4 LD plus, Martin Christ, Germany).  

The recovered cellulose was designated as PGP (pretreated grape pomace). Fig. 1 is a 

schematic representation of the process. To calculate the yield, the initial dry mass of UGP used 

for the cellulose extraction process and the final dry mass of PGP were taken into account. 
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Figure 1. Scheme of cellulose extraction from grape pomace. Petri plates show the recovered 

solids at each pretreatment step and Erlenmeyers insets show the corresponding filtrates. 

 

2.3. Cellulose hydrolysis  

Cellulose isolated from grape pomace was hydrolyzed using 64–65 wt% sulfuric acid (0.05 

g cellulose/mL) at 45 ºC, under mechanical stirring, for 30 min or 60 min, and named AH30 and 

AH60, respectively. The times used for acid hydrolysis were based on the literature; a maximum 

of 60 min was used to avoid a longer reaction time and the prolonged exposure of cellulosic 

materials to acid, once it could lead to the digestion of the crystalline domains of PGP and thus 

to a decrease in the crystallinity of CNCs (Martínez-Sanz, Lopez-Rubio, & Lagaron, 2011). The 

acid hydrolysis was stopped by diluting it 10-fold with ice water. The recovered material was 

washed with water until to pH 4.0, when a colloidal suspension was formed. This suspension 

(supernatant) was dialyzed using regenerated cellulose dialysis membranes with 8 kDa molecular 

weight cut off (Orange Scientific, Belgium) against ultrapure water until reaching neutral pH. 

After that, AH30 and AH60 samples were processed with a probe-type ultrasound 
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(Vibra Cell™ Sonicator, USA) in an ice bath for 10 min (cycles of 5s on and 2s off), at 40% 

power, and named AH30S, and AH60S, respectively.  

The samples were kept refrigerated (7 °C) for stability studies and transmission electron 

microscopy (TEM) or freeze-dried (Alpha 1-4 LD plus, Martin Christ, Germany) for scanning 

electron microscopy (SEM), thermogravimetric, X-ray diffraction and toxicity analyses. The 

initial dry mass of PGP (cellulose) used in the acid hydrolysis and the final mass after freeze-

drying were taken into account to calculate the yield. 

 

2.4. Characterization 

2.4.1. Compositional analysis 

Solid materials (UGP and PGP) were milled and/or sieved to a particle size of 40 mesh for 

compositional analysis. Approximately 0.3 g of material was hydrolyzed with 3 mL of 72% 

(w/w) H2SO4 for 1 h at 30 ºC, followed by a quantitative post-hydrolysis with 4% (w/w) H2SO4 

(by adding 84 g of ultrapure water) at 121 ºC during 60 min. After hydrolysis, the insoluble 

material was recovered by filtration and dried at 105 ºC, while the hydrolysates were quantified 

by high-performance liquid chromatography (HPLC) regarding to monosaccharides content 

(glucose, xylose and arabinose) and acetic acid. Klason lignin was considered the insoluble 

material minus ash and protein contents. For determination of ash content, the solid material was 

taken in a crucible and kept in a muffle furnace at 575 ºC for 24 h (Sluiter et al., 2008). The 

protein content was calculated based on the nitrogen content estimated with Kjeldahl method, 

multiplied by a factor of 6.25.  

 

2.4.1.1. High-performance liquid chromatography (HPLC) 

Acid hydrolysates were filtered through 0.45 µm syringe filter and automatically injected 

(JASCO Intelligent Sampler AS 2057 Plus) in a Metacarb 87H column (300 × 7.8 mm, Varian, 

USA) preheated to 60 ºC by a thermostatic column compartment (Chrompack Instruments AG, 

Neuheim, Switzerland). The mobile phase (0.005 M H2SO4 in ultrapure water filtered through 

0.2 µm Millipore® nylon filter and degassed) was pumped at a flow rate of 0.6 mL/min through 

a JASCO 880 PU pump. Sugars and acetic acid were analyzed with a refractive index (RI) 

detector. 

 

2.4.2. Transmission electron microscopy (TEM) 

A drop of 10 µL of the samples were deposited onto TEM grids (ultra-thin carbon film on 

Lacey carbon support film, 400 mesh, Copper, Ted Pella Inc., USA) and the liquid excess was 
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removed with a filter paper after 2 min. The samples were observed using a JEM-2100 

transmission electron microscope (JEOL, Japan) operated at a 200 kV accelerating voltage. TEM 

micrographs were analyzed using the public domain software ImageJ and the size and aspect 

ratio of the samples were calculated. A minimum of 30 measurements was performed for each 

analysis. 

 

2.4.3. Scanning electron microscopy (SEM) 

The samples’ surface morphology was evaluated through SEM using a Quanta FEG 650 

(FEI USA). Dry samples were affixed on aluminum stubs covered by carbon ribbon, and then 

coated with gold and observed using an accelerating voltage of 5 kV under vacuum conditions.  

 

2.4.4. Stability of the samples 

Stability of the cellulose suspensions obtained after acid hydrolysis (AH30 and AH60) and 

acid hydrolysis plus ultrasonic treatment (AH30S and AH60S) was analyzed after 30 min and 7 

days’ storage at 7 °C, through the observation of precipitate formation or the maintenance of the 

homogeneous suspension. 

 

2.4.5. X-ray diffraction (XRD) 

Crystallinity of the samples was determined by XRD, using a Bruker D8 Discover 

diffractometer equipped with Ni filtered Cu-Kb radiation source of 40 kV and 40 mA. Samples 

were scanned in the range of 5–50 º (2), (10 º/min), with a step size of 0.02 º and step time of 1 

s under room temperature. The crystallinity index (CrI) was determined according to Segal, 

Creely, Martin Jr, & Conrad (1959), using the equation (1). 

 

𝐶𝑟𝐼 =
 𝐼002 − 𝐼𝑎𝑚 

𝐼002
×  100                                                       (1) 

 

where I002 is the intensity of maximum diffraction of crystalline region at about 2 = 22.5 º, and 

Iam is the intensity of diffraction attributed to the amorphous region at about 2 = 18 º. 

 

2.4.6. Thermogravimetric analysis (TGA) 

TGA was performed using a thermogravimetric analyzer PerkinElmer 4000 (PerkinElmer, 

Portugal). About 8.5 mg of the samples were loaded in ceramic pan and heated from 20 to 550 

C at a heating rate of 20 C/min under a nitrogen atmosphere. The samples’ weight loss was 
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recorded as a function of temperature and characterized by a TG curve. The derivative 

thermogravimetric (DTG) curve was used to emphasize the temperature zone where each 

phenomenon occurred. 

 

2.4.7. Cytotoxicity assessment  

The cellular compatibility of AH30S AH60S samples was assessed using the Caco-2 human 

colon epithelial cancer cells (ATCC, HTB-37) and PrestoBlue (Nowak et al., 2017). The cells 

(passage 25-30) were cultured in minimum essential medium (MEM), supplemented with 20% 

fetal bovine serum, 0.11 g/L sodium pyruvate, 1% non-essential amino acids and 1% 

penicillin/streptomycin. The cells were kept at 37 ºC and 5% CO2. For the cell viability assay, 

Caco-2 cells were seeded onto 96-wells plates at a density of 10,000 cells per well and left 

adhering overnight. After adhesion, the culture medium was removed and replaced by the 

samples diluted in the culture medium at different final concentrations: 0.05 mg/mL and 0.20 

mg/mL.  

Samples were dispersed in ultrapure water using magnetic stirring, followed by a treatment 

with ultrasonic bath during 15 min (37 KHz and 104 Watt), and exposed to ultraviolet light during 

30 min for sterilization. The water dispersions of samples were diluted in the culture medium 

(20%, v/v) to obtain the test concentrations. A negative control was performed using cells 

growing in the culture medium with 20% (v/v) of ultrapure water (considered as 100% cell 

viability). The 30% DMSO was used as a positive control. The samples were incubated for 24 h 

or 48 h with 10% PrestoBlue, a resazurin-based solution (final concentration 0.01 mg/mL), is a 

cell permeable redox indicator used for cell viability in proliferation and cytotoxicity assays 

(Nociari et al., 1998). PrestoBlue was added simultaneously with samples, since resazurin is not 

toxic, to provide adequate (Ahmed, Gogal Jr, & Walsh, 1994; Xu, McCanna, & Sivak, 2015).  

The fluorescence intensity, that is proportional to the cell viability, was measured using a 

Microplate Fluorescence Reader (Synergy, BioTek H1, USA) at an excitation wavelength of 560 

nm and an emission wavelength of 590 nm. The percentage of cell viability was expressed as the 

percentage of fluorescence in treated cells (samples at different concentrations) in relation to the 

percentage of fluorescence of cells growing in the culture medium with 20% (v/v) ultrapure 

water. 

  



84 
 

3. Results and discussion  

3.1. Isolation of cellulose 

Cellulose from grape pomace was extracted through a five-step of pretreatment including 

organic solvent extraction, acid and alkaline pretreatments, and two consecutive bleaching steps, 

as presented in Figure 1 (the light-yellow color of the pulp after bleaching II probably results 

from the remaining lignin). Each 100 g of UGP led to 10.2 g of pretreated grape pomace (PGP), 

most of which consisted of cellulose (80.1%), being the non-cellulose components such as 

hemicellulose and lignin, efficiently removed from UGP (Table 1). The obtained extraction yield 

(≈10%) was lower than the value reported by Lu & Hsieh, (2012b), which obtained an extraction 

yield of 16.4% for cellulose from grape skin using a similar extraction protocol. However, Jiang 

& Hsieh (2015) presented extraction yields in the same range of values obtained in this work. 

They used acidified NaClO2/KOH route or alkaline NaOH/H2O2 route to pretreat tomato peels 

and obtained yields of 13.1% and 11.3%, respectively. These results show the influence of the 

type of residue and the extraction process used in the extraction yield.  

Results presented in Table 1 show that this process satisfactorily allowed the extraction of 

cellulose from untreated grape pomace (UGP) for the further acid treatment, allowing the access 

of the acid to the amorphous structure of cellulose, which is blocked by large amounts of 

hemicellulose and lignin. 

 

Table 1. Chemical composition of untreated (UGP) and pretreated grape pomace (PGP), 

expressed as percentage of dry raw material weight 

Samples 
Cellulosea 

(%) 

Hemicellulose 

(%) 

Klason lignin 

(%) 

Protein 

(%) 

Ash 

(%) 

Othersb 

(%) 

UGP 19.30±0.67 7.20±0.50 15.60±0.28 17.29±0.02 3.58±0.24 37.03 

PGP 80.10±1.75 n.d. 4.30±2.55 0.35±0.03 4.71±0.51 10.54 

aestimated from the glucan content 
bcalculated by difference (includes unidentified components) 

n.d.: not detected 

 

3.2. Cellulose nanocrystals yield 

Grape pomace cellulose (PGP containing 80.1% of cellulose) was hydrolyzed with 64–

65 wt% sulfuric acid for 30 min (AH30) or 60 min (AH60) and microcrystalline cellulose (MCC) 

was obtained. Production of MCC from cellulose by using mineral acids, such as sulfuric acid, 

was also reported by Thoorens et al. (2014). The samples (AH30 and AH60) containing MCC were 

submitted to an ultrasound treatment (AH30S and AH60S) to obtain the CNCs (see section 3.3). 
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The CNCs yields for AH30S and AH60S were 27.56% and 20.96%, respectively. These 

values are higher than that reported in other works. Jiang & Hsieh (2015) reported a yield of 

15.7% for CNCs obtained from tomato peel cellulose, while Lu & Hsieh (2012a) reported a yield 

of 6.4% for CNCs from rice straw cellulose, using similar conditions. Many factors can influence 

the CNCs yield, such as acid concentration, reaction time, cellulose amount per acid volume used 

in the process (Nascimento et al., 2016) and the purity of cellulose (Xie et al., 2016). In this case, 

the highest yield obtained in this study may be associated to the lower cellulose concentration 

used in this work, 0.05 g/mL, compared to 0.114 g/mL used in the other works (Lu & Hsieh, 

2012a; Jiang & Hsieh, 2015). The lower cellulose concentration leads to a higher effect of the 

acid in its amorphous parts, improving cellulose depolymerization and therefore increasing 

CNCs yield. 

 

3.3 Transmission electron microscopy analysis 

The size and morphology of the samples obtained after acid hydrolysis (AH30 and AH60) 

and further ultrasound treatment (AH30S and AH60S) observed by TEM suggest that acid 

hydrolysis provided partial depolymerization of cellulose into MCC (Figs. 2A and 2C), while 

ultrasound led to a disaggregation of MCC forming the cellulose nanocrystals – CNCs (Figs. 2B 

and 2D). The cavitation generated by ultrasound can disrupt the interactions in the cellulose 

matrix, essentially connected through hydrogen bonds. Thus, ultrasound makes cellulose in the 

liquid environment to be intensely agitated, allowing a change in its network (Chen et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Transmission electron microscopy of the samples obtained by acid hydrolysis of 

cellulose for 30 min (AH30) and 60 min (AH60), followed by further ultrasound treatment (AH30S 

and AH60S, respectively). (A) AH30; (B) AH30S; (C) AH60; and (D) AH60S. 

A

C

B

D
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In AH30S and AH60S samples needle-shaped structures were obtained, with a typical CNC 

morphology, as reported elsewhere (Jiang & Hsieh, 2015; Martins et al., 2015; Teixeira et al., 

2011). The needle-shaped CNCs showed lengths of 307 nm and 323 nm and diameters of 8 nm 

and 7 nm for AH30S and AH60S samples, respectively, reproducing L/D ratios of 38 and 46. These 

result allow their classification as CNCs, which according to TAPPI, (2011), must present 

diameters between 3 and 10 nm and a L/D ratio higher than 5. Martínez-Sanz, Lopez-Rubio, & 

Lagaron (2011) reported similar L/D values for CNCs obtained from bacterial cellulose. The 

diameter and length of CNCs decreased for higher treatment time (from 2 h to 69 h of acid 

hydrolysis and further neutralization), however the L/D values of CNCs did not change. 

The structure and properties, particularly the length and diameter of CNCs, depend on 

several factors such as the source of the original cellulose and the extraction process, which 

includes all pretreatments and disintegration or deconstruction processes (Moon, Martini, Nairn, 

Simonsen, & Youngblood, 2011; Peng, Gardner, & Han, 2012). Studies on morphology of 

cellulose nanoparticles obtained from different sources have shown tendency to aggregate, 

presenting high L/D ratio (Chen, Liu, Chang, Cao, & Anderson, 2009; Costa et al., 2015).  

In this study the L/D ratios obtained are considered high as suggested by  Moon, Martini, 

Nairn, Simonsen, & Youngblood (2011), a factor relevant for CNCs’ applicability. The 

performance of reinforced materials depends on the efficiency with which the mechanical stress 

is transferred from an external energy source to the reinforcement phase through the matrix. In 

this way, the quantity and quality of the interfacial area becomes important. A high L/D ratio 

improves the contact surface of the material with the matrix, therefore CNCs presenting a high 

L/D ratio have an enhanced ability to sustain uniformly the mechanical stress on the matrix 

(Klemm et al., 2011). In fact, it has been reported that cellulose structures with different L/D 

ratio present different mechanical properties. One example is MCC that presents an elastic 

modulus in the axial direction of 25 GPa while CNCs values can go up to 105 GPa (Rusli & 

Eichhorn, 2008). 

Thus, the ultrasound treatment seems to be essential to obtain adequate CNCs, and longer 

ultrasound treatment times may allow obtaining CNCs with high L/D ratio. 

 

3.4 Scanning electron microscopy analysis 

The samples, initially dispersed in an aqueous medium, were freeze–dried for SEM 

analysis. The images obtained showed interconnected structures (Figure 3), that for MCC (AH30 

and AH60) were densely agglomerated (Figures 3A and 3C). This is likely due to the strong 

hydrogen interactions between cellulose crystals (Peng, Gardner, & Han, 2012). Figures 3B and 



87 
 

3D show the structural changes after the ultrasound treatment (AH30S and AH60S samples). 

Although ultrasound yielded a less agglomerated structure, the rapid freezing process of CNCs 

suspensions followed by freeze–drying still resulted in interconnected network structures. These 

results were also observed by Jiang & Hsieh (2015) for lyophilized samples of CNCs obtained 

from tomato skin. 

 

Figure 3. Scanning electron microscopy of the samples obtained by acid hydrolysis of cellulose 

for 30 min (AH30) and 60 min (AH60), followed by further ultrasound treatment (AH30S and 

AH60S, respectively). (A) AH30 (10,000×); (B) AH30S (5,000×); (C) AH60 (5,000×); and (D) AH60S 

(1,000×). 

 

3.5 Stability of the samples 

The stability of MCC (AH30 and AH60) and CNC (AH30S and AH60S) samples in 

suspension was analyzed after 30 min and 7 days after treatment. Only acid hydrolysis (MCC 

samples), regardless the time of treatment, was insufficient to ensure the homogeneous dispersion 

of the cellulose crystals in water, and precipitation was observed 7 days after treatment (Figure 

4). The ultrasound treatment increased the dispersion stability and no precipitation was observed 

after 7 days of storage (CNC samples). In fact, ultrasound energy, transferred to cellulose chains 

through cavitation, gradually disintegrated the crystalline cellulose from micron-sized particles 

(MCC) into nano-sized particles (CNCs) (Tischer, Sierakowski, Westfahl Jr, & Tischer, 2010; 

Chen et al., 2011) and thus increased suspensions stability. These results were also reported by 

Khawas & Deka (2016), which observed a reduction in the size of the nanofibers with a 

substantial increase in the dispersion of nanofiber suspension, after ultrasonic treatment. 
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Figure 4. Stability of the samples obtained by acid hydrolysis of cellulose for 30 min (AH30) and 

60 min (AH60), followed by further ultrasound treatment (AH30S and AH60S, respectively) for 

until 7 days at 7 °C. (A) AH30 and AH60 samples recovered after 30 min of storage; (B) AH30 and 

AH60 samples after 7 days of storage; (C) AH30S and AH60S samples recovered after 30 min of 

storage; and (D) AH30S and AH60S samples after 7 days of storage. 

 

3.6 X-ray diffraction analysis 

The XRD patterns of UGP and PGP showed the maximum intensity of the diffraction peak 

of the (200) plane at 2θ=22.5 ° (data not shown). Peaks around 15.0º and 22.5º (verified in 

cellulose-rich PGP) indicate typical pattern of cellulose I (Jiang & Hsieh, 2015). Comparing the 

diffraction patterns between both samples, it is possible to observe well defined and high intensity 

peaks in the PGP diffractogram than in the UGP diffractogram, confirming the high cellulose 

amount (crystalline component) in the PGP sample, as observed in the chemical composition 

(Table 1). 

Table 2 presents the CrI values for all samples, showing that crystallinity increased from 

UGP to PGP due to the cellulose purification mainly attributed to the removal of amorphous 

hemicellulose and lignin, leading to the realignment of cellulose molecules (Li et al. 2009). These 

CrI values are in agreement with cellulose isolated from garlic straw (68%) (Kallel et al., 2016), 

rice (61.8%) (Lu & Hsieh 2012a), wood (73.5%) (Li & Renneckar, 2011) and cotton (65%) (Lu 

& Hsieh 2010). From the CrI values, it is possible to observe the increase in crystallinity in 

samples treated with acid hydrolysis (AH30 and AH60), which is explained by the partial 

depolymerization and removal of the amorphous regions of the cellulose from the PGP sample. 
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A B

C

AH60 AH60AH30
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In this process the hydronium ions penetrate into the amorphous regions of cellulose promoting 

the hydrolytic cleavage of glycoside bonds, and thus release the individual crystallites. The 

realignment of monocrystals may occur during the aggregation to forming the CNCs, leading to 

the further increase of samples crystallinity (de Souza Lima and Borsali 2004; Li et al. 2009b). 

The CrI values also increased for longer treatment times and with ultrasound treatment 

(AH30S and AH60S) samples. This indicates that the ultrasound breaks the amorphous regions 

remaining in the samples and also reorganizes and enriches the crystalline cellulose regions. 

From the XRD patterns, it was also possible to conclude that, during both the chemical and the 

ultrasound treatments, the crystalline structure of cellulose did not change, since all 

diffractograms presented pattern characteristic of cellulose I (results not shown).  

 

Table 2. Crystallinity index of untreated (UGP) and pretreated grape pomace (PGP), 

microcrystalline celluloses (AH30 and AH60), and cellulose nanocrystals (AH30S and AH60S) 

Samples CrI (%) 

UGP 23.50 

PGP 62.13 

AH30 65.45 

AH30S 70.62 

AH60 68.89 

AH60S 74.89 

  

3.7 Thermogravimetric analysis 

Figure 5 shows the thermogravimetric behavior reflecting the samples thermal stability. 

All samples present a small weight loss in the 25–150 ºC region, corresponding to the evaporation 

of the absorbed water (Khawas & Deka, 2016). Figure 5A shows that the UGP components 

present an initial degradation temperature (Tonset) around 254 ºC, due to the low decomposition 

temperature of hemicellulose, lignin, and pectin (Morán et al., 2008) reaching the maximum 

degradation temperature (Tmax) at 346 ºC, representing the pyrolysis of cellulose. On the other 

hand, the PGP components showed Tonset at about 275 ºC (mainly residual lignin, Table 1), with 

Tmax at 347 ºC. Thus, the highest Tonset observed for PGP is associated with the removal of lignin 

(Alemdar & Sain, 2008; Chen et al., 2011), as observed in chemical composition (Table 1) and 

higher CrI (Table 2) of PGP. 

AH30 and AH60 samples presented a Tmax of 364 ºC and 242.5 ºC, respectively (Figures 5B 

and 5C, respectively). It has been reported that the activation energy of the degradation of 

cellulose is significantly reduced by the introduction of sulfate groups through the hydrolysis 
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step with sulfuric acid (Roman & Winter, 2004; Jiang & Hsieh, 2015; Xie et al., 2016). The 

presence of sulfate groups is related to the increase of cellulose amount, acid concentration and 

time of hydrolysis (Roman & Winter, 2004). Therefore, the lower Tmax obtained for AH60 sample 

can be explained by the high amount of sulfate groups presented in this sample, due to the longer 

hydrolysis time used (60 min). 

Regarding the samples treated with ultrasound, AH30S had similar TG profile to the AH30, 

with the curves overlapping with Tmax at 365 °C, indicating that ultrasound treatment did not 

affect the thermal stability of the sample acid hydrolyzed for 30 min (Figure 5B). In the samples 

obtained with 60 min acid hydrolysis, two main degradation events between 200 ºC and 400 °C 

were observed, indicating different degradation levels due to sulphate groups in the cellulose 

structure. Moreover, the AH60S showed an increase in Tmax (298 ºC) when compared to AH60 

(Figure 5C). Two degradation events were also reported by Martínez-Sanz, Lopez-Rubio, & 

Lagaron (2011) and Silvério, Flauzino Neto, Dantas, & Pasquini (2013) in CNCs samples.  

According to these authors the first peak (in the degradation region) may correspond to the 

degradation of amorphous regions which are, therefore, more accessible and sulfated, and the 

second peak temperature refers to the degradation of cellulose less accessible to acid uptake 

which, not being sulfated, tends to be more thermally stable. 

Results show that thermal stability of the MCC and CNC samples can be affected by the 

treatment conditions, suggesting that samples obtained with 60 min of acid hydrolysis (AH60 and 

AH60S) may be limited to polymer matrices that require processing temperatures around 250 °C.  
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Figure 5. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of untreated 

(UGP) and pretreated (PGP) grape pomace, samples obtained by acid hydrolysis of cellulose for 

30 min (AH30) and 60 min (AH60), and samples obtained by acid hydrolysis of cellulose for 30 

min (AH30) and 60 min (AH60) followed by further ultrasound treatment (AH30S and AH60S, 

respectively). (A) UGP and PGP; (B) AH30 and AH30S; (C) AH60 and AH60S. The dashed curves 

represent a derivative weight loss. 

 

3.8 Cytotoxicity 

The cytotoxicity of materials is routinely evaluated using in vitro methodologies. Cell 

lines are often cultivated in contact with test materials, and after a variable period of time, the 

cellular metabolic activity, proliferation and/or death rates are measured. In this study, the 

commercial PrestoBlue, a resazurin-based solution, was used to assess the cellular viability of 

human colon epithelial cells (Caco-2) after incubation with CNCs (AH30S and AH60S samples), 

at different concentrations.   
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Figure 6 shows that CNCs (AH30S and AH60S) had no effect on the metabolic activity of 

Caco-2 cells. All samples exhibited high cell viability up to 48 h of incubation showing the 

biocompatibility of the produced CNCs. Few reports address the biocompatibility of CNCs (Lin 

& Dufresne, 2014). Some authors reveal no cytotoxic effects.  Dong, Hirani, Colacino, Lee, & 

Roman (2012) reported no cytotoxic effect of plant-derived CNCs for a variety of mammalian 

cells in the concentration range of 0 – 0.05 mg/mL, up to 48h.  Other authors observed a dose-

dependency cytotoxicity of CNCs. As an example, Ni et al. (2012) reported the cytotoxicity of 

CNCs prepared from cotton linters, presented as cellulose nanowhiskers. Low cytotoxicity was 

observed at low concentrations (up to 2.0 mg/mL), increasing for higher concentrations (10 

mg/mL). In this work, stable dispersions were tested (0.05 and 0.2 mg/mL) to avoid CNCs 

precipitation over the cells (data not shown) that may result in artefactual effects (OECD, 2016). 

The increasing production of CNCs from different sources and their application in food has 

elicited ample discussion about the potential risks of these materials to human health (Seaton & 

Donaldson, 2005) . The same properties that make nanomaterials interesting and attractive, such 

as the reduced size of the particle, its differentiated form, and the large surface area, may on the 

other hand be responsible for their potentially toxic effects (Paschoalino, Marcone, & Jardim, 

2010). Thus, it is important to assess the toxicity risks of nanomaterial exposure via ingestion. 

The results of this study provide a first indication that the tested CNCs produced from grape 

pomace are not toxic, and thus are appropriate for use in food or pharmaceutical applications. 

 

Figure 6. Cellular viability of samples obtained by acid hydrolysis of cellulose for 30 min and 60 

min followed by further ultrasound treatment (AH30S and AH60S, respectively) (0.05 and 0.20 

mg/ml) after 24 and 48 h of incubation. Controls: (-) cells incubated with ultrapure water 

(negative control); cells incubated with 30% of DMSO (dimethyl sulfoxide, death control). Data 

show mean + SD, n=8, two independent assays. 

https://www.ncbi.nlm.nih.gov/pubmed/12499647


93 
 

4. Conclusion 

The present study demonstrated the potential of the grape pomace, an abundant 

agroindustrial residue, to produce cellulose nanocrystals (CNCs). A key requirement for high 

CNCs yield is the efficient removal of non-cellulosic components such as lignin and 

hemicellulose from UGP, resulting in a material with high cellulose content. This work 

demonstrated that the acid hydrolysis led to the production of microcrystalline structures from 

the purified cellulose, and also considered the ultrasound treatment as an essential step for the 

CNCs production. The CNCs obtained were stable in solution over seven days, presenting high 

aspect ratio and crystallinity. These features are determinant for improving the dispersion 

capacity of these nanocrystals into food structures or polymeric matrixes, allowing their 

application as reinforcing materials in packaging materials or gels.  

 The production scheme presented here to obtain CNCs from grape pomace, on one hand, 

can contribute to reduce the waste management costs of the wine industry, while diversifying the 

source of materials for CNCs production. On the other hand, these non-toxic natural materials 

can provide a new opportunity for their use on food and pharmaceutical fields, and this dispersion 

capacity suggests possible application as reinforcing materials. Certainly, combined with 

advanced nanotechnologies such as electrospinning and electrospraying, CNCs-based 

nanocomposites can find even more applications in many fields (Li et al. 2017; Wang et al. 2017;  

Yu et al. 2017). 

 

Acknowledgments  

This study was supported by the Coordenacão de Aperfeiçoamento Pessoal de Ensino 

Superior (CAPES), Embrapa Agroindústria de Alimentos (EMBRAPA), FP7-PEOPLE-2013-

IRSES-611493 (BiValBi – Biotechnologies to Valorise the regional food Biodiversity in Latin 

America) and Portuguese Foundation for Science and Technology (FCT) under the scope of the 

strategic funding of UID/BIO/04469/2013 unit and COMPETE 2020 (POCI-01-0145-FEDER-

006684) and BioTecNorte operation (NORTE-01-0145-FEDER-000004) funded by the 

European Regional Development Fund under the scope of Norte2020 – Programa Operacional 

Regional do Norte. The work was also supported by the Norte Regional Operational Program 

2014-2020 (Norte2020) through the European Regional Development Fund (ERDF) 

Nanotechnology based functional solutions (NORTE-01-0145-FEDER-000019). Michele 

Michelin is a recipient of a FCT fellowship (SFRH/BPD/100786/2014). The authors thank Paula 

Pereira for the technical support. 



94 
 

CHAPTER 4 

___________________________________________________________________________ 

Obtention and characterization of nanocomposite films based on starch and cellulose 

nanocrystals  

 

Caroline Corrêa de Souza Coelhoa*, Raysa Brandão Soares Silvab, Carlos Wanderlei Piler de 

Carvalhoc, André Linhares Rossid, José A. Teixeirae, Otniel Freitas-Silvac, Lourdes M.C. 

Cabralc 

 

aPPGCAL/Instituto de Química, UFRJ, Cidade Universitária, Ilha do Fundão, 21949-900, Rio de 

Janeiro, RJ, Brazil 

bDepartamento de Engenharia Química e de Materiais, Pontifícia Universidade Católica do Rio 

de Janeiro, PUC-Rio, 38063, 2245-900, Rio de Janeiro, RJ, Brazil 

cEmbrapa Agroindústria de Alimentos, Av. das Américas 29501, 23020-470, Rio de Janeiro, RJ

, Brazil. 

dCentro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud, 150, Rio de Janeiro, RJ, Brazil 

eCentre of Biological Engineering, Universidade do Minho, Campus Gualtar, 4710-057, Braga, 

Portugal 

*corresponding author: carolcsc@hotmail.com                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

This manuscript was submitted to Industrial Crops and Products as a research paper in November, 2019. 

  



95 
 

Abstract 

Cellulose nanocrystals have potential to be used as reinforcements of polymeric biocomposites. 

The objective of this study was to develop composite films prepared from starch (ST), glycerol 

and cellulose nanocrystals (CNCs) derived from grape pomace.  CNCs were obtained by acid 

hydrolysis and added to filmogenic solutions (1, 2, 5, 10 and 15g/100g of ST).  The morphology 

of pre-treated grape pomace and purified cellulose were characterized by scanning electron 

microscopy (SEM) and colorimetric analysis. Transmission electron microscopy (TEM), 

crystallinity index, X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were used to 

characterize CNCs. Finally, nanocomposites were characterized in relation to thickness, 

moisture, water solubility, water vapor permeability (WPA), contact angle, mechanical tests, 

color, opacity, TGA, XRD and SEM. Results showed a constant CrI increase in the purified 

cellulose and CNCs obtained, confirming the gradual removal of amorphous non-cellulosic 

materials (lignin, hemicellulose and other contaminants), present in the pomace. The 

pretreatment process applied to fresh grape pomace to obtain cellulose presented a yield of about 

12% and the acid hydrolysis yield for CNCs was 70% ± 7.06.  Adding CNCs to the ST matrix 

allowed obtaining films with smaller WVP, and the addition of up to 10% formed less hydrophilic 

films. Films with 5 to 15% CNCs were more opaque and had improved tensile strength and 

Young’s modulus. In XRD analysis, the size of CNCs’ characteristic peaks significantly 

increased. This study provided an effective method to obtain CNCs from the agroindustrial waste 

of grape pomace. The addition of CNCs proved to be effective in improving mechanical 

properties and decreasing water vapor permeability, important characteristics in food packaging 

materials.  

 

Keywords: Packaging; Biopolymers; Nanocomposites; Mechanical properties, Barrier 

properties. 
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1. introduction 

Biodegradable packaging is usually obtained from biopolymers such as starch, chitosan 

and cellulose extracted from renewable resources such as agricultural waste or waste from food 

processing (Coelho et al., 2017; Coelho et al., 2018; Ballesteros, Michelin, Vicente, Teixeira, & 

Cerqueira, 2018). 

Starch (ST) is a polysaccharide widely available from different natural sources such as 

vegetables, cereals and tubers, and is considered a promising biopolymer to replace conventional 

synthetic polymers in packaging, as it is biodegradable, renewable and moreover, due to of its 

low cost (Ballesteros et al., 2018). It is economically competitive compared to petroleum-based 

materials and is currently gaining the market with the manufacture of food packaging films (Gopi 

et al., 2019). 

The use of starch-based packaging still faces obstacles because of its water vapor 

permeability and limited mechanical properties. Therefore, this biopolymer is usually added of 

other materials to improve those characteristics. The reinforcement of ST films with cellulose 

nanocrystals (CNCs) may be a promising alternative to improve the mechanical performance and 

decrease the permeability of starch films, preserving the sustainable character of final composites 

(Brinchi et al., 2013; Gray et al., 2018). 

Cellulose structure presents highly ordered crystalline domains and amorphous domains, 

that can be cleaved during the production processes of cellulose nanocrystals (CNCs) by selective 

hydrolysis using mechanical shear, chemical treatment, enzymatic hydrolysis or by their 

combination (Sucaldito & Camacho, 2017). CNCs can be synthesized from  lignocellulosic 

materials, algal cellulose, bacterial cellulose and microcrystalline cellulose (Brinchi et al., 2013, 

Luzi et al., 2014; Oun & Rhim, 2016; Ng et al., 2015; Martínez-Sanz, Lopez-Rubio, & Lagaron, 

2011). Because CNCs are nanometric particles, highly crystalline, biocompatible with natural 

polymers, biodegradable, non-toxic and also have high surface area and lightness, they have been 

evaluated as reinforcement material for a wide range of polymeric matrices, aiming to replace 

petrochemical-based products (Hsieh, 2013; Moriana, Vilaplana, & Ek, 2016; Smyth, García, 

Rader, Foster, & Bras, 2017). 

Among the different sources of lignocellulosic biomass, viticulture emerges as promising 

for the fibers extraction and other bioactive molecules. In this context, the objective of this study 

was to develop CNCs from Alicante Bouschet grape pomace and to evaluate their application as 

reinforcing agents and permeability moderators in starch-based films.  
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2. Materials and methods 

2.1. Materials 

The pomace of the Alicante Bouschet grape variety obtained from the red wine making 

process was used for the extraction of CNCs. The sample from 2017 harvest was kindly provided 

by the Rio Sol winery, located in the city of Lagoa Grande in the São Francisco Valley, 

Pernambuco, Brazil. The material was transported frozen and stored at -18 ° C until being 

processed.  

The grape pomace was dried at 60° C for 18 h (10% RH), in an oven with air circulation. 

The dried material was processed in a horizontal depulper (Model Bonina 0.25 df, Itametal, 

Brazil), to separate the seeds from the pomace. This fraction was milled in a knife grinder (IKA 

Grinder, A11, Staufen, Germany) and sieved for grain-size classification within the range from 

0.177 mm to 0.425 mm (80 to 40 mesh Tyler). The milled pomace was packed in vacuum-sealed 

plastic bags, protected from light and kept at -5º C until use.   

 

2.2. Pomace pretreatment for cellulose production and production of cellulose nanocrystals  

Cellulose was obtained by removing the non-cellulosic components from the pomace 

according to the procedure reported by Lu & Hsieh (2012a)  and Coelho et al. (2018) with some 

modifications.  

The strategy consisted of four consecutive steps:  

i) Treatment with ethanol solution (1:15 mpomace/vsolution) at 75 °C for 3 h to remove wax, 

phenolics, pigments and oils,  

ii) Treatment with 2% H2SO4 solution (1:20 mpomace/vsolution) at 90 ºC for 5 h to hydrolyze 

polysaccharides and acid-soluble polyphenols,  

iii) Treatment with 5% NaOH solution (1:20 mpomace/vsolution) at 90 ºC for 5 h to dissolve the 

remaining hemicellulose, lignin and other polysaccharides,  

iv) Bleaching (1:20 mpomace/vsolution) with 5% H2O2 solution, pH 11.5 (adjusted with NaOH), 

at 50 °C for 8 h for two consecutive stages.  

Between all steps, the solid material was washed with distilled water until reached pH 6-7 

and then dried in air circulation oven (Solab, SL 102/100, Piracicaba, Brazil) at 40 °C and 10% 

RH. The resulting cellulosic pulp was frozen and lyophilized (Liophilyzer L101, Liotop®, São 

Carlos, São Paulo, Brazil).  

CNCs were obtained by hydrolyzing cellulose with  64-65% m/m sulfuric acid at 45 ºC, 

under constant stirring, in the proportion 1 g cellulose:20 mL acid solution for 60 min, according 

to previous studies (Coelho et al., 2018). Hydrolysis was interrupted by dilution with ice water. 
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The recovered material was washed with distilled water to pH 4.0, and subjected to successive 

centrifugations (10,000 rpm, 20 minutes at 20°C) until a colloidal suspension was formed. The 

supernatant was dialyzed using dialysis membranes (Sigma-Aldrich-D9402-100FT) against 

ultrapure water to neutral pH and homogenized with ultrasound probe (Brason Digital Sonifer, 

Model 450, power of  400 w, frequency of 20 Hz, 40%  amplitude, Danbury, USA;), in an ice 

bath for 10 min (cycles of 5 seconds on and 2 seconds off).  

Figure 1 presents a diagram of the process for obtaining cellulose from the pomace until 

the production of CNCs. 

CNCs were kept under refrigeration (7 °C) for stability studies and assessment of their 

morphologic structure by scanning transmission electron microscopy (STEM) or lyophilized for 

thermogravimetric analysis (TGA) and X-ray diffraction (XRD). The initial dry mass used in the 

acid hydrolysis and the final mass obtained after lyophilization were considered for yield 

calculation.  
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Figure 1. Schematic representation of the pre-treatment steps of Alicante Bouschet grape pomace. 

Cellulose production, acid hydrolysis process and cellulose nanocrystal production. 
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2.3. Characterization of grape pomace, cellulose and cellulose nanocrystals 

2.3.1 Yield analysis  

The pretreatment yields were determined by the ratio between the final mass of the 

cellulose and the initial mass of the fresh grape pomace (in natura); while the yield of the CNCs 

was determined by the ratio between the obtained CNCs and the cellulose mass used in the 

process. All masses are related to dry weight. 

 

2.3.2 Color analysis 

The color of the samples was determined in a Minolta digital colorimeter (Konica Minolta, 

model Chroma Meter CR-400, Osaka, Japan), using the CIELab scale to determine L*, a* and 

b* color parameters (Alparslan, Baygar, Baygar, Hasanhocaoglu, & Metin, 2014). The sample 

was poured in a Petri dish with 5 cm diameter covering the entire bottom of the dish, and the 

reading was performed in three different points. The total color difference (∆E*) was calculated 

in relation to fresh pomace, using Eq. (1).  

 

∆E ∗= √(L∗ − L0
∗)2 + (a∗ − a0

∗)2 + (b − b0
∗)2                              (1) 

 

in this study, L*0, a*0 and b*0 stand for the values of the color parameters of fresh grape pomace 

and L*, a* and b* for the values of the color parameters of the sample in each step.  

 

2.3.3 Scanning electron microscopy (SEM) 

The morphological aspect of the samples after each pretreatment step was evaluated in a 

thermionic TM3000 scanning electron microscope (Hitachi, Tokyo, Japan) operated at an 

acceleration voltage of 15 kV.    

 

2.3.4 X-ray diffraction (XRD) 

The X-ray diffraction patterns of the samples of grape pomace, cellulose and CNCs were 

analyzed between 2Ɵ = 5° and 2 Ɵ = 32° with a step of 0.04 ° min-1 in an X-ray diffractometer 

(Bruker D2 PHASER). The crystallinity index (CrI) was determined according to Eq. (2).  

 

𝐶𝑟𝐼 =
 𝐼002 − 𝐼𝑎𝑚 

𝐼002
×  100                                                    (2) 
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where I002 is the maximum intensity diffracted peak at 2 = 22.5 º, and Iam is the intensity 

attributed to the amorphous components at 2 = 18 º. 

 

2.3.5 Scanning-transmission electron microscopy (STEM) 

The samples were observed using a transmission electron microscope (JEOL 2100 F) 

operated at an acceleration voltage of 200 kV. The images were obtained in STEM mode using 

a dark field (DF) annular detector (JEOL). A 10 µL sample was deposited onto a TEM grid 

(ultrathin carbon film on Lacey Carbon Support film, 400 mesh, Copper, Ted Pella Inc., USA). 

 

2.3.6 Thermogravimetric analysis (TGA) 

Thermal stability was determined in a TGA-2000 automatic analyzer (Las Navas 

Instruments, Mexico). The samples (~0.5g) were placed in the balance system and heated from 

20 to 550 ºC, at a heating rate of 20 °C min-1 under nitrogen atmosphere. 

 

2.4 Film development 

To prepare ST/CNCs nanocomposite films, CNCs were used at five different levels: 1, 2, 

5, 10 and 15 % (w/w, dry basis). The method used was based on methods described by Coelho 

et al., (2017) and Li et al. (2018) with some modifications. The filmogenic solution was prepared 

by mixing 2% g mL-1 of ST with water, under stirring, (400 rpm, 21 h at ±25 °C). Subsequently, 

the CNCs were added to this solution and stirred using an ultra-turrax disperser (IKA T18, a 600 

rpm for 20 min). The amount of CNCs used was calculated from the concentration of the 5 g L-1   

initial solution, and the water was added until desired working concentrations were achieved. 

The control sample did not contain CNCs. Glycerol, the plasticizer, was added at a fixed 

concentration of 25% based on the dry mass of ST and left under stirring for 1 h.  

To ensure complete dissolution of ST and the formation of a homogenous dispersion, the 

solutions were heated in a shaking water bath at 70 °C during 30 minutes under stirring (400 

rpm). Temperature increase was measured with a thermocouple placed at the geometric center of 

the sample volume. The resulting dispersion was kept for 20 min in ultrasonic bath (Branson 

5510, Frequency: 40 kHz, Danbury, CT, USA) and vacuum. The steps for filmogenic solution 

development are represented in Figure 2. The films were prepared using the casting technique, 

where a constant amount of filmogenic solution (28 mL) was casted in acrylic plates (90 mm × 

15 mm) and dried at 35 ± 1 °C for 24 h in oven with air circulation (SL 102, Solab).  
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Figure 2. Scheme for the production of starch films reinforced with cellulose nanocrystals 

(nanocomposites) 

 

2.5 Film characterization 

2.5.1 Packaging 

The dried films were stored in desiccators at 25 °C and relative humidity of 54%, obtained 

using a saturated solution of Mg(NO3)2
.6H2O.  

 

2.5.2 Thickness 

Film thickness was measured with the aid of a portable micrometer. Thickness 

measurements were taken at ten random points and the mean value was used to determine water 

vapor permeability and mechanical properties.  

 

2.5.3 Moisture content (MC) 

The films were dried at 105 ºC in an air-circulating oven for 24 h. The mass of the films 

before and after drying was determined gravimetrically and moisture content was calculated 

using Eq. (3): 

𝑀𝐶(%) =
𝑀𝑖−𝑀𝑓

𝑀𝑖
. 100                                               (3) 

where Mi and Mf are the masses of the initial and dried samples, respectively. The 

experiments were performed in triplicate and express the percentage of water removed from the 

initial sample.  

 

2.5.4 Film solubility (Sol) 

Film solubility (Sol) in water was determined by immersion of the dry films in water as 

reported by Cuq, Gontard, Cuq, & Guilbert (1996). Solubility value was calculated using Eq. (4) 
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𝑆𝑜𝑙 (%) =
𝑀𝑖′−𝑀𝑓′

𝑀𝑖′
. 100                                                        (4) 

where Mi is the initial mass of the sample, Mf the final mass of the sample and Sol represents 

the solubility percentage of the film. 

Triplicates of each film were cut into circles of 2 cm diameter, dried at 105 °C in oven for 24 

h and weighed. Then, the samples were immersed into 50 mL of water, sealed with paraffin and 

shaken on an orbital shaker at 60 rpm for 24 h at 25 °C. The non-soluble portion of each film 

was removed and dried at 105 °C in an oven during 24 hours and weighed again to determine the 

weight of the dry matter.  

 

2.5.5 Water vapor permeability (WVP) 

WVP of the films was gravimetrically determined based on ASTM E96-92 method 

(Guillard et al., 2003). 

The film was sealed on the top of a permeation cell containing distilled water (100% RH; 

vapor pressure of 2337 Pa at 25 °C) and placed in a desiccator with silica gel at 25 °C and 0% 

RH (0 Pa water vapor pressure). The cups were weighed at 2 h intervals during 8 h. The water 

transferred through the film and adsorbed by the desiccant was determined from the weight loss 

of the permeation cell.  

Steady and uniform state of water pressure conditions were assumed by keeping constant 

air circulation outside the test cup by means of a miniature fan placed inside the desiccators 

(McHugh, Avena-Bustillos, & Krochta, 1993). The slope of the curve representing weight loss 

versus time was obtained by linear regression. 

 

2.5.6 Contact angle 

An optical contact angle meter (CAM 101(KSV, Finland) was used.  On the film surfaces 

the contact angle was measured by the sessile drop method (Kwok & Neumann, 1999). Each 

measurement was taken within 10 s with a 500 μL syringe (Hamilton, Switzerland) and 0.75 mm 

diameter needle. At least 10 measurements were taken for each sample at ± 25 °C. 

 

2.5.7 Apparent color and opacity 

The color of the films was determined with a Minolta spectrophotometer (Konica Minolta, 

model Chroma Meter, CM-5, Japan). The CIELab scale was used to determine the color 

parameters L*, a* and b * (Alparslan, Baygar, Baygar, Hasanhocaoglu, & Metin, 2014). Opacity 
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(Y) was determined from the relationship between the opacity of each sample on the black 

standard (Yb) and the opacity of the sample on the white standard (Yw) (Casariego et al., 2009), 

using Eq. (5). 

𝑌 (%) =
𝑌𝑏

𝑌𝑤
. 100                                                     (5) 

where Yb and Yw are the opacities on the black and white patterns respectively. The samples 

were analyzed in triplicate. 

 

2.5.8 Scanning electron microscopy (SEM) 

The effect of CNC incorporation in the film was evaluated in relation to surface and cross-

section morphology using a scanning electron microscope (SEM) TM3000 (HITACHI, Tokio, 

Japan) with acceleration voltage of 15 kV under vacuum conditions.  

 

2.5.9 Mechanical properties 

The films were analyzed as their performance in the tensile test in a Texture Analyzer TA 

XT Plus (Stable Microsystems, Surrey, England), operated following the ASTM D 882-02 (2010) 

method. The films were sized on 120 mm long and 20 mm wide specimens. These specimens 

were fixed in the equipment grips with initial distance between them of 100 mm and tensile speed 

of 5 mm min-1. The stress at break was determined by the relation between load and the initial 

cross-sectional area of the film. Strain at break was determined by the stress- strain curve (linear 

strain [(l - lo)/ lo]). Young’s modulus or modulus of elasticity was determined in the linear region. 

Results were analyzed using Texture Exponent 32, version 6.0 software. 

 

2.5.10 X-ray diffraction (XRD) 

X-ray diffraction patterns of the samples were analyzed as described in step 2.3.4. 

 

2.5.11. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was conducted in an automatic analyzer TGA-2000 (Las 

Navas Instruments, Mexico). The samples (~0.5g) were heated from 20 to 450 °C at a heating 

rate of 10 °C min-1, under nitrogen atmosphere (with flow speed of 30 mL.min-1). The 

thermogravimetric curves (TG) show the mass loss of the samples analyzed as a function of 

heating temperature, while the curves of the first derivative (DTG) show the speed of the 

sample’s mass loss as a function of temperature. They are used to identify the temperature peaks 

where thermal degradation of the sample occurs. Analyses were carried out in triplicate. 
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2.6. Statistical analysis 

One-way ANOVA was applied for data analysis and in the case of significant differences 

between treatments, the means were compared according to Tukey’s test adopting a significance 

level of 5% (= 0.05). Statistical analyses were performed using the statistical program 8.0. 

 

3. Results and discussion 

3.1. Characterization of pretreatment of grape pomace residue and cellulose nanocrystals 

3.1.1 Yield analysis 

The pretreatment process applied to fresh grape pomace to obtain cellulose presented a 

yield of about 12%. The extraction yield was lower than that reported by Lu and Hsieh, (2012), 

who obtained an extraction yield of 16.4% for cellulose from grape skin using a similar extraction 

protocol. Coelho et al., (2018) extracted up to 10% cellulose from grape pomace, using an 

extraction method very similar to that used in this study. These results show the influence of the 

type of residue and the extraction process used. The use of hydrolysis can potentiate CNC yield 

from grape pomace by up to 70% ± 7.06 (Coelho et al., 2018). Acid concentration, reaction time, 

amount of cellulose per volume of acid used, cellulose purity and methods applied for 

nanocellulose separation are factors that can influence CNC production (Nascimento et al., 2016; 

Xie et al., 2016). 

 

3.1.2 Color analysis 

The effect of different chemical treatments on the visual appearance of the raw material 

during cellulose isolation can be observed in Figure 1. Table 1 shows the color values for each 

process step.  

The fresh sample showed color characteristic of red grape skin, being close to the middle of 

the chromacity diagram a*, b* and dark hue (L*). Demirkol & Tarakci (2018) analyzed cv 

Isabella grape pomace, dried in oven at 60 °C and observed a* (red component) values and 

b* (yellow component) values similar to this study (17.33 and 5.10, respectively), however the 

pomaces were darker (22.86, L*), which may be due to the different cultivar studied.  

 After ethanol treatment it was possible to observe in the samples a slight trend from red to 

yellow, because ºhue presented values around 20.01°. In relation to Chroma, the low values 

represent less vivid color intensity; L* and a* values were lower, characterizing a darker and less 

reddish-purple sample when compared to the fresh sample (p < 0.05). A more accentuated 

darkening of the sample was observed after acid treatment, although Chroma presented a higher 

value that that of the previous step (p < 0.05), the value found represents a not very vivid color 
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intensity, with ºhue similar to the previous step. In the alkaline treatment, constituents such as 

starch, pectin and hemicellulose were hydrolyzed (Pelissari, Sobral, & Menegalli, 2014) making 

the sample more yellowish due to ºhue with value around  50.77° (p < 0.05) and the sample 

became lighter (L* 40.48; p < 0.05).  

Bleaching I promoted a light brown color. Despite the good lightness gain (37.51 in the 

fresh waste and 76.69 in this step), the yellowish color of the residue with ºhue of 80.85º  and b* 

of 20.62, indicates the presence of residual lignin impregnating the fibers (Souza, 2014). On the 

other hand, after bleaching II there was a gradual discoloration from brown to white, with higher 

values of  L*and °hue (p < 0.05), with a more significant color difference compared to the fresh 

sample (∆E 75± 0.40; p < 0.05), indicating successful removal of the remaining lignin responsible 

for the yellowish color (Pelissari, Sobral, & Menegalli, 2014). Consequently, the purification 

process eliminated initial non-cellulosic components and the impurities of the final product. 

The H2O2, used as bleaching agent, resulted in the generation of highly reactive species of 

superoxide radicals (O2−), responsible for the oxidation of lignin aromatic rings and parts of 

hemicellulose by carboxylic acids.  In this sense, bleaching removed the chromophore groups 

from the raw material fiber (Sun et al., 2004).  Lu and Hsieh (2012) and Jiang and Hsieh (2015) 

evidenced the effectiveness of alkaline H2O2  during the bleaching stage in grape and tomato 

skins.  

 

Table 1.  Pomace color parameters after bleaching and after different chemical pre-treatments 

conditions 

Solid waste L* a* b* Chroma °Hue ∆E 

Grape pomace 37.51 ± 0.07d  15.11 ± 0.05a 4.45 ± 0.07c 15.76 ± 0.03b 16.58 ± 0.30d - 

After ethanolic extraction 26.66 ± 0.05e  12.25 ± 0.05c 4.46 ± 0.09c 13.04 ± 0.02d 20.01 ± 0.45c 42.99 ± 0.15c 

After acid extraction 24.25 ± 0.21f 13.54 ± 0.07b 5.13 ± 0.13c 14.48 ± 0.11c 20.74 ± 0.38c 42.41 ± 0.29c 

After basic extraction 40.48 ± 0.43c 6.52 ± 0.12d 7.98 ± 0.09b 10.31 ± 0.09e 50.77 ± 0.68b 42.90 ± 0.11c 

After bleaching I 76.69 ± 1.05b  3.32 ± 0.07e 20.62 ± 0.70a 20.89 ± 0.68a 80.85 ± 0.50b 54.62 ± 1.00b 

After bleaching II  93.63 ± 0.59a -2.20 ± 0.10f 7.39 ± 0.53b 7.71 ± 0.53f 106.61 ± 0.59a 75.00 ± 0.40a 

Values in the same column followed by different letters are statistically different (Tukey test, p<0.05).  

Values reported are the mean ± standard deviation. 

 

 

 

 



107 
 

3.1.3 Morphology of grape pomace and cellulose nanocrystals 

 The fresh sample (in natura) (Fig.3A) showed fiber bundles and an irregular surface 

consisting of lignin, hemicelluloses and other extractives such as waxes and pectins that may be 

adhered to the raw material.  

After ethanol (Fig.3B), sulfuric acid (Fig.3C) and alkaline (Fig.3D) treatments, the solid 

residue presented more separated fiber bundles which was mainly attributed to the removal of 

pectins, waxes, extractives, acid-soluble polysaccharides and polyphenols, hemicellulose and 

other polysaccharides soluble in alkaline medium (Lu & Hsieh, 2012a). 

After bleaching I (Fig.3E), there was partial elimination of lignin from the fiber surface, 

which appears more exposed evidenced by cracks. The cellulose extracted from pomace is shown 

in Fig.3F. After bleaching II, the fiber surface became rougher and the microfibril bundles, 

composed by fibrils, became more visible and began to detach from the fibers, as described by 

Lu & Hsieh (2012a) and  Xie et al., (2016). 

 

Figure 3. SEM images of (A) grape pomace in natura (x 200, scale bar 500 μm), (B) residue after 

ethanolic extraction (x 200, scale bar 500 μm), (C) residue after acid extraction (x 200, scale bar 

500 μm), (D) after alkaline extraction (x 300, scale bar 300 μm), (E) first bleaching (x 200, scale 

bar 500 μm), and (F) second bleaching (x 300, scale bar 300 μm). 
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The hydrolysis with sulfuric acid and the ultrasound treatment is able to cleave 

transversally the amorphous region of cellulose microfibrils and the CNC is obtained. In this 

manner, there is a reduction of fiber length from microns to nanometers (Li et al., 2009; Wang et 

al., 2018). Fig. 4 shows the TEM image of CNCs indicating regular needle shape. This 

morphology is similar to that of other CNCs obtained from other agroindustrial wastes (Li et al., 

2009; Lu & Hsieh 2012;  Xie et al., 2016; Wang et al., 2018). 

 

Figure 4. STEM-DF micrography s of cellulose nanocrystals extracted from grape pomace. 

Bright contrasts correspond to the cellulose nanocrystals. 

 

3.1.4 X-ray diffraction (XRD) 

The XRD patterns of all studied samples are shown in Figure 5. Both, cellulose from grape 

pomace and CNCs presented typical crystalline peaks of type I cellulose (2θ: 15-16º [110] and 

22.5º [200]). The same crystalline structure was observed in CNCs obtained from different types 

of lignocellulosic wastes (Espino et al., 2014; Jiang & Hsieh, 2015; El Achaby et al., 2018; Prado 

& Spinacé, 2019). 

More defined and high intensity peaks were observed in cellulose and CNC peaks. The in 

cellulose presented CrI of 64% and CNCs 71%. It can be said that the pretreatment steps were 

effective in removing a significant fraction of amorphous structures (hemicelluloses and lignin). 

Acid molecules diffuse more easily into cellulose amorphous regions, which are more susceptible 

to cleavage of glycoside bonds than the more compacted crystalline domains (Prado & Spinacé, 

2019). Coelho et al. (2018), confirmed the efficiency of the production of cellulose and CNCs 

from Pinot Noir grape pomace and similar crystallinity indices. Crystallinity is an important 

0,5 μm 
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factor for the use of this nanomaterial in nanocomposites, because it is responsible for much of 

the high stiffness provided by CNCs in polymeric matrices (Marett, Aning, & Foster, 2017). 

 

Figure 5. XRD spectra of grape pomace in natura, cellulose and CNC isolates 

 

3.1.5 Thermal property analysis 

The thermal degradation behavior of fresh grape pomace, cellulose and CNC was 

investigated by TGA and derivative thermogravimetric curve (DTG). The thermograms obtained 

are shown Fig. 6.A and Fig. 6.B and the correspondent data are listed in Table 2. 

All samples showed a small mass decrease around 100 ºC which results from the 

evaporation of adsorbed moisture, related to the hydrophilic nature of these cellulosic materials 

(Li et al., 2009; Coelho et al., 2018; Prado & Spinacé, 2019).  Fresh pomace and cellulose 

presented similar initial thermal degradation (Tonset), however Tonset of CNCs was lower, as well 

as the maximum degradation temperature (Tmax). The smaller thermal stability of CNCs when 

compared to the fresh pomace was also observed by other authors, who used tomato skins (Jiang 

& Hsieh, 2015b), vine shoots (El Achaby et al., 2018) and pinneaple crown waste (Prado & 

Spinacé, 2019). Such authors reported that sulfate groups, from the hydrolisis with H2SO4.on 

CNC surface decrease cellulose thermal stability as  result of the dehydration reaction. 

In both, fresh grape pomace and cellulose samples, two decomposition peaks were 

observed near 160 °C and 220 °C which may be associated with the successive degradation of 

different lignocellulosic fractions such as  hemicellulose, lignin and pectin which present low 

decomposition temperature. However, these peaks were not evident in CNC samples.   
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CNCs presented less carbonized residues (1.37%) (ashes) when compared to cellulose 

(22.10%) and fresh (in natura) pomace (28.88%) (Table 2), probably related to lignin 

degradation process that persists up to temperatures higher  than 500 ºC, due to the higher thermal 

stability of the benzene-propane structure, when compared to polysaccharides such as cellulose 

and hemicellulose (Prado & Spinacé, 2019), evidencing the removal of these components in 

CNCs. 

 

Figure 6. (A) TG curves and (B) DTG curves of grape pomace in natura, cellulose and CNCs 

isolated from grape pomace.  

 

Table 2. Thermal behavior of grape pomace in natura, cellulose and CNCs isolated from grape 

pomace. 

Samples 
Tonset (°C)  Tmax (°C)  

% of degradation 

at Tmax 

Ash content at 

550°C 

Grape pomace in natura 230 ± 9.61a 381 ± 7.64a 61 ± 2.65a 28.88 ± 0.51a 

Cellulose 232 ± 2.65a 365 ± 9.64ab 57 ± 4.58a 22.10 ± 3.58b 

Cellulose nanocrystals 203 ± 23.69b 348 ± 9.29b 63 ±1.53a 1.37 ± 2.16c 

Values represent the mean ± standard deviation. 

Values in a column having different superscripts are significantly different (p < 0.05). 

 

3.2 Characterization of the films 

3.2.1 Thickness, moisture content (MC), solubility (Sol), water vapor permeability (WVP), and 

contact angle (CA°) of nanocomposite films 

Nanocomposite films were characterized by thickness, moisture content (MC), Solubility 

(Sol), water vapor permeability (WVA) and contact angle (CA). Results are shown in Table 3.  
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Film thickness may affect properties such as water vapor and gas permeability, mechanical 

properties and opacity. The incorporation of 5, 10 and 15% of CNCs negatively influenced 

thickness increase of the films (p <0.05). It is known that a greater thickness is due to a higher 

amount of solids present in the nanocomposites.  Machado, Souza, Nunes, Pereira & Druzian 

(2012) produced nanocomposites with thickness of 0.15 mm by adding 0.3% CNCs from coconut 

fiber to cassava starch films. This value was higher than the one found in this study, probably 

due to the higher starch percent (6%) present in film formulation.  

CNC incorporation did not significantly change the moisture content and solubility of 

nanocomposites (p >0.05) when compared to the control film. Different results were found by 

Noshirvani et al. (2018) These authors reported that as CNC content increased from 3% to 20%, 

the  solubility in water of nanocomposites of potato starch/polyvynilic alcohol/CNC decreased 

from 20.85% to 11.92%, respectively (p <0.05). Such fact may be associated with the hydrogen 

bond created between starch hydroxyl groups and CNCs, which leads to the formation of three-

dimensional cellulose networks. This 3D generated network limits polymer solubility and leads 

to network reinforcement, which restricts the movement of low-molecular weight polymers and 

other compounds towards water (Noshirvani et al., 2018). Nanocomposite solubility remained 

low even with small concentrations of CNCs incorporated in the films (e.g. 12.32% in ST 1% 

CNCs), i.e., due to good dispersion, even at low concentrations, the addition of CNCs was 

effective in promoting hydrogen bonds between polymers, able to reduce the interaction between 

water and film.  

As shown in Table 3, regardless the percentage of CNCs added to the ST matrix, WVP 

significantly decreased (p <0.05) when compared to the control film. According to Noshirvani et 

al., (2018) the presence of  CNC is able to increase the tortuosity of water molecules in the 

polymeric matrix, and therefore, reduce  WVP, as confirmed by our previous XRD results of 

CNCs.  

ST 1% CNCs and ST 2% CNCs films presented small WVP values (4.25 and 4.55 × 10−7 

g x h.m.Pa-1, respectively). When CNC percentage increased, (ST 5% CNCs, ST 10% CNCs and 

ST 15% CNCs films), WVP significantly increased (p <0.05), however, WVP of the film with 

10% CNCs was smaller than that of films with 5% CNCs. Therefore, in those concentrations, 

CNC could disperse well in the ST matrix and provide a tortuosity increase of water molecules 

in the polymeric matrix, thus decreasing WVP.  

The improvement of the barrier properties to moisture, of polymeric films with CNC 

incorporation was already demonstrated by Noshirvani et al. (2018), Those authors reported that 

the incorporation of 3 to 15% was able to reduce WVP, however 20% of CNC in potato 
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starch/polyvinyl alcohol/CNC nanocomposites presented agglomeration of nanostructures 

increasing WVP, which led to a faster diffusion of water vapor through the film.  

Starch is characterized as a hydrophilic polymer (Li et al., 2018). The low value of CA 

indicates the high wettability capacity of a water drop on the surface of such films. Experimental 

results listed in Table 3 indicate that the addition of CNCs to ST matrix can significantly increase 

CA and therefore increase the hydrophobicity of nanocomposites in comparison with ST control 

films. However, this improvement depends on the amount of CNCs: the incorporation of up to 

10% CNCs to the matrix led to increased CA. This behavior corresponds to the highly crystalline, 

hydrophobic characteristics of CNCs when compared to starch (Cao et al., 2008a). However, 

when reinforcement concentration increased to 15% of CNCs, CA value did not differ from that 

of the control film, which may be attributed to possible aggregation caused by the higher CNC 

concentration in the matrix. Therefore, an adequate concentration of CNCs leads to the formation 

of strong interactions of hydrogen bonds between ST and CNCs, able to increase CA and reduce 

WVP, as previously observed.  

Similar results were found by Slavutsky & Bertuzzi (2014), who reported a major 

hydrophobicity improvement in the surface of nanocomposite films based on ST and 3% CNCs 

obtained from sugarcane bagasse when compared to films containing just ST. Similarly,  

Noshirvani et al. (2018) showed CA increase in nanocomposites when CNC content increased 

from 0 to 20 %.  

 

Table 3. Effect of CNC concentration on the Thickness, Moisture content (MC), Solubility (Sol), 

Water vapor permeability (WVP), and contact angle (CA°) of nanocomposite films. 

Film 
Thickness 

(mm) 

Moisture content 

(MC) (%) 

Solubility 

(Sol) (%) 

Permeability x 10-7 (WVP) Contact angle 

(CA) (°) (g h-1 m-1 Pa-1) 

Control 0.08 ± 0.01c 18.47 ± 0.01a 15.05 ± 0.02a 7.5 ± 0.35a 26.10 ± 5.50b 

ST 1% CNCs 0.08 ± 0.01c 18.04 ± 0.02a 12.32 ± 0.06a 4.25 ± 0.23d 35.36 ± 7.91a 

ST 2% CNCs 0.08 ± 0.01c 20.91 ± 0.02a 15.48 ± 0.04a 4.55 ± 0.22d 35.02 ± 3.51a 

ST 5% CNCs 0.09 ± 0.01b 17.00 ± 0.02a 13.67 ± 0.03a 6.63 ± 0.15b 36.79 ± 6.32a 

ST 10% CNCs 0.10 ± 0.01ab 17.21 ± 0.01a 11.78 ± 0.01a 5.33 ± 0.36c 33.84 ± 4.82a 

ST 15% CNCs 0.11 ± 0.01a 17.25 ± 0.02a 10.90 ± 0.02a 6.02 ± 0.11bc 29.54 ± 5.46ab 

Values represent the mean ± standard deviation. 

Values in a column having different superscripts are significantly different (p < 0.05). 
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3.2.2 Apparent color and opacity 

Table 4 shows surface color properties and the total color difference (ΔE) of composite 

films. The values of L* and ΔE do not present significant difference after the incorporation of 

different concentrations of CNCs (p >0.05); however, a* values decreased and b* values 

increased with the incorporation of 5, 10 and 15% CNCs, having yellowish hue. Similar behavior 

of the optical properties of agar films was reported by  Shankar & Rhim (2016) who evidenced 

that the incorporation of CNCs (0 – 5%)  as reinforcement material has a significant effect on the 

color of the films.  

Nanocomposites with low CNC concentrations (1 and 2%) were as transparent as the 

control but after the addition of higher amounts (5, 10 and 15% CNCs), the opacity values of the 

films increased, decreasing the transparency of the starch film with the increase of CNC content. 

According to Li et al. (2018) composite films present opacity increase due to the strong 

interaction between CNCs and the starch matrix, and the light dispersion of added CNCs. The 

low effect of CNCs on film opacity observed in the present study may be explained by adequate 

dispersion of CNCs in the starch matrix. Similar results were found by Oliveira et al. (2017) who 

observed significant increase of film opacity only when 10% CNC was added to agar films. 

 

Table 4. Apparent color and opacity of ST/CNCs composite films. 

Film L* a* b* ∆E Opacity (%) 

Control 93.75 ± 0.26a -0.09 ± 0.00c -0.06 ± 0.02c - 4.28 ± 0.47b 

ST 1% CNCs 94.51 ± 0.18a -0.10 ± 0.00c -0.08 ± 0.03c 0.76 ± 0.44a 4.27 ± 0.36b 

ST 2% CNCs 94.54 ± 0.16a -0.09 ± 0.01c -0.08 ± 0.05c 0.79 ± 0.16a 4.38 ± 0.50b 

ST 5% CNCs 93.75 ± 0.95a -0.12 ± 0.01ab 0.23 ± 0.11b 0.81 ± 0.32a 5.48 ± 0.23a 

ST 10% CNCs 94.19 ± 0.15a  -0.11 ± 0.00bc  0.42 ± 0.07ab 0.59 ± 0.15a 6.35 ± 0.09a 

ST 15% CNCs 94.18 ± 0.01a -0.13 ± 0.00a 0.45 ± 0.05a 0.69 ± 0.20a 5.79 ± 0.14a 

Values represent the mean ± standard deviation. 

Values in a column having different superscripts are significantly different (p < 0.05). 

 

3.2.3 Scanning electron microscopy (SEM) 

SEM images of the surface and cross-section of the films are shown in Figure 7. All films 

presented characteristics of homogenous, continuous, smooth surface without pores or granules 

and bubble free (Figure 7b), indicating good CNC dispersion in ST matrix.  

SEM micrograph of the cross-section of the control film (Figure 7a) shows a heterogeneous 

surface with discontinuous gaps in the matrix, which may explain its high WVP since these 

formed paths may facilitate the passage of water vapor, as previously reported.   
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It is evident that the roughness of the cross-section of the films increases when CNCs are 

added to the ST based film. The smaller concentrations of CNCs added, 1 and 2% provided rough 

structures, although without phase separation. These results indicate excellent compatibility 

between both nanocomposite components, mainly in low amounts. However, nanocomposites 

added of 5, 10 and 15% CNCs presented phase separation in the cross-section of the film, with a 

smoother and denser layer and another rougher layer (detail shown by the arrow in the 

corresponding figures). 

Liu, Dong, Bhattacharyya, & Sui (2017) studied the effect of the incorporation of CNCs, 

obtained from acid hydrolysis of bleached flax in ST films. They reported that the incorporation 

of sulfate groups during hydrolysis results in a negatively-charged cellulose surface. From this 

stage, an anionic stabilization occurs through attraction/repulsion electric forces and thus, the 

aqueous suspension formed by CNCs becomes stable and uniform. Also, according to those 

authors, when the mixture of ST and CNCs occurs, followed by heating of the solution and 

subsequent evaporation in the drying of the films, CNCs may be rearranged with water 

evaporation. Even though the films presented smooth, transparent and uniform aspects, SEM 

showed that when nanoparticles were incorporated, the films presented CNC layers, evidenced 

by 50000x magnification. In addition, layer thickness increase was observed as CNC 

concentration increased (5 to 20%). Thus, those authors did not observe strong interactions 

between CNCs and the ST matrix. 

Cao et al. (2008b) obtained CNCs from hemp homogenously incorporated to plasticized 

ST (10 to 30%). The compatibility of the materials was attributed to factors such as (i) chemical 

similarities between starch and cellulose, (ii) interaction of hydrogen bonds between CNCs and 

the matrix and (iii) effect of CNC nanometric size.  
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Figure 7. Scanning electron microscopy images of (a) cross-section and (b) surface for pure 

starch (control), and starch composite films containing: 1 (ST 1% CNCs), 2 (ST 2% CNCs), 5 

(ST 5% CNCs), 10 (ST 10% CNCs) and 15 (ST 15% CNCs) wt.% CNWs.   

 

3.2.4 Mechanical properties 

Data on the effect of different CNC concentrations incorporated in ST films are presented in 

Figure 8. In general, there was a significant increase of tensile strength (TS) and Young’s 

modulus (YM) and Elongation at break (%) (EB) decrease in films with higher incorporations of 

CNCs (ST 5% CNCs, ST 10% CNCs and ST 15% CNCs).  

The values of TS significantly increased with CNC incorporation to 24.64, 21.47 and 21.38 

Mpa for the films ST 5% CNCs, ST 10% CNCs and ST 15% CNCs, respectively, which 

presented significant difference in relation to the other nanocomposites. However, the films ST 

1% CNCs and ST 2% CNCs, did not significantly differ from the control film. (14.88, 13.03 and 

16.28 Mpa, respectively).  

EB was higher in the control film (13.11%) with significant difference in relation to the 

nanocomposites. The addition of small concentrations of CNCs, such as in ST 1% CNCs and ST 

2% CNCs, was able to decrease this variable (8.09 and 10.29%, respectively). However, ST 5% 

CNCs, ST 10% CNCs and ST 15% CNCs films presented still lower values (4.26, 4.46 and 

3.66%, respectively).  

In fact, YM increased in ST 5% CNCs, ST 10% CNCs and ST 15% CNCs nanocomposites 

(20.96, 17.68 and 17.22 Mpa, respectively).The high values of TS and YM may be explained by 

the reinforcement effect caused by CNC higher concentrations, the homogeneity of their 
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dispersion in the structure of ST matrix and the strong interaction of hydrogen bonds between 

CNC and ST molecules. However, the decrease of EB indicates that CNC incorporation restricts 

the movement of ST matrix due to the similarities of chemical structure of cellulose and ST that 

promote strong interactions between them (Cao et al., 2008). 

Some studies described the effects of CNCs improving both, YM and TS but preventing 

film EB. Azeredo, Miranda, Rosa, Nascimento, & de Moura (2012)  studied the mechanical 

properties of alginate films incorporated of 0 - 15%  CNCs and observed increase of TS and YM 

and decrease of EB. Gray et al., (2018) observed that the mechanical properties of resistance of 

films of nanocomposites of thermoplastic ST considerably improved by CNC addition. However, 

those authors verified poor dispersion of greater concentrations of CNCs in the starch matrix and 

consequently, less resistance of the films. 

 

Figure 8. Values of mechanical properties for ST/CNCs nanocomposites. Tensile strength (MPa), 

Elongation (%) and Young’s modulus (MPa) of -- Control, -- ST 1%, - ST 2% CNCs, -- ST 5% 

CNCs, -- ST 10% CNCs and -- ST 15% CNCs. Values represent the mean ± standard deviation. 

Values in columns with different letters are significantly different (p < 0.05). 

 

3.2.5 X-ray diffraction (XRD) 

The X-ray diffraction patterns were studied in relation to CNC content, and the 

correspondent diffractograms are shown in Figure 9. The control film presented a typical pattern 

of type β crystallinity, with peaks at 2θ = 5.9 (characteristic of type B polymorphous), 2θ = 17º 

(characteristic of Type A and B polymorphous and 2θ = 22.5º (characteristic of type B 

polymorphous). These  results are consistent with previous studies by  Talja (2007) and Li et al. 

(2018). According to Rico, Rodríguez-Llamazares, Barral, Bouza and Montero (2016) and Li et 
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al., (2018) the crystalline structure of ST may be attributed to  two types of crystallinity: residual 

crystallinity and crystallinity induced by the process. Residual crystallinity is caused by the 

incomplete melting of native ST during processing or even by the reorganization of ST molecular 

chains in their native arrangements. On the other hand, induced crystallinity is caused by 

crystallization of amylose chains complexed with plasticizers (such as glycerol) in unique 

helicoidal structures, that can be induced during heating, where strong interactions between OH 

groups from ST molecular chains are replaced by hydrogen bonds formed between ST and the 

plasticizer.  

When we observe the nanocomposites, three well-defined diffraction peaks, located at 2θ 

= 16-17°, 19 ° and 22.5° are highlighted. The peaks at 2θ = 16-17° and 2θ = 22.5° may be 

attributed to cellulose I typical structure, as observed in previous CNC analysis. The intensity of 

those peaks significantly increases with the increase of CNC content. In ST 10% CNCs and ST 

15% CNCs films these peaks are more intense and may be attributed to the structure, highly 

enriched with cellulose, indicating that these films have higher degree of crystallinity.  Rico et 

al. (2016) and Li et al. (2018) also observed intensity increase of these peaks with increasing 

CNC content. 

 

Figure 9. XRD analysis for ST/CNCs nanocomposites. -- Control, -- ST 1%, - ST 2% CNCs, -- 

ST 5% CNCs, -- ST 10% CNCs CNCs and -- ST 15% CNCs. 
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3.2.6 Thermogravimetric analysis (TGA) 

The thermogravimetric stability of the films was assessed by TGA. The values of Tonset and 

Tmax are listed in Table 5. Figure 10a shows the thermogravimetric curve (TG) and Figure 10b 

the derivative thermogravimetric curve (DTG). It is observed that TG curves evidence essentially 

the same behavior, indicating that apparently a similar degradation mechanism with temperature 

increase occurs.  

Weight loss during heating of ST materials occurred mainly in two stages. First, there was 

a drop up to near 250 °C, associated to evaporation of low molecular weight molecules (first 

water and then glycerol). In this stage, the first peak is associated with the process of water 

evaporation, characteristic phenomenon of a polysaccharide of hydrophilic nature under 

temperature increase from 82 to 92 °C. The second peak, around 200 – 250 °C, is attributed to 

the presence of glycerol and varies from 178 °C to 243 °C. The second degradation stage occurred 

in the range from 270 to 400 °C and corresponds to ST thermal decomposition coupled to CNC 

degradation that occurs at similar temperatures (Rico et al., 2016). 

Control, ST 1% CNCs and ST 2% CNCs films presented higher values of Tonset (307 °C, 

303 °C and 294 °C, respectively), but when CNC was added in concentrations of 5-15% those 

values decreased,  Tmax was higher in  ST 2% CNCs film, however, it  was not significantly 

different from control and ST 5% CNCs films. Higher CNC concentrations incorporated in ST 

10% CNCs and ST 15% CNCs films presented lower Tmax, although not significantly different 

from ST 1% CNCs film. Although Tmax presented a similar value for all composites, with 

difference of just 9 °C, in general, nanocomposites did not present improved thermal stability 

when compared to pure ST film.  
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Figure 10. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) curves 

for ST/CNCs nanocomposites. -- Control, -- ST 1% CNCs, -- ST 2% CNCs, -- ST 5% CNCs, -- 

ST 10% CNCs and -- ST 15% CNCs. 

 

Table 5. Tonset (°C) and T max (°C) of ST/CNCs composite films. 

Film Tonset (°C) T max (°C) 

Control 307 ± 3.21c 335 ± 2.65ab 

ST 1% CNCs 303 ± 5.20c 324 ± 0.58c 

ST 2% CNCs 294 ± 6.93bc 336 ± 3.06a 

ST 5% CNCs 287 ± 3.51b 334 ± 5.29ab 

ST 10% CNCs 281 ± 6.03b 328 ± 0.58bc 

ST 15% CNCs 266 ± 6.03a 328 ± 1.53bc 
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4. Conclusions 

The present study showed the potential of grape pomace to be used as raw material for 

obtaining cellulose and subsequently produce cellulose nanocrystals (CNCs). The pre-treatment 

applied was a successful approach applied to eliminate initial non-cellulosic components of the 

pomace besides obtaining a light-colored cellulosic material. Acid hydrolysis led to the 

production of crystalline structures shown by SEM.  XRD results showed that after chemical 

treatments, CNCs exhibited crystalline structure of cellulose I and crystallinity index of 71%. In 

addition, the material obtained presented good thermal stability. Such factors are important for 

the incorporation of these nanocomposites in polymeric matrices, allowing their application as 

reinforcement materials.  

The nanocomposite CNC/ST film, with different levels of CNC content, was efficiently 

prepared using the casting method, presenting millimetric thickness. CNC incorporation was able 

to decrease WVP values. The contact angles with water of the nanocomposite films with up to 

10% CNCs were larger than that of the control film, which makes nanocomposites more 

hydrophobic. Films with 5 to 15% CNCs appeared more opaque and might be applied in 

packaging of foods that are easily degraded when exposed to light.  CNCs appeared 

homogenously dispersed in the starch matrix when the film surface was observed. However, in 

films with 5 to 15% CNCs phase separation in the cross-section was detected by SEM, which 

might negatively influence their mechanical properties and permeability.   

In general, nanocomposites did not present improved thermal stability when compared to 

pure starch film. The incorporation of 5 to 15% CNCs in nanocomposite films increased the 

tensile strength and Young’s modulus, therefore a stronger network structure was possibly 

formed between those different concentrations of CNCs and the starch matrix. Therefore, such 

results indicate that the films incorporated of 5 to 15% CNC have potential for future applications 

in the field of food packaging.  
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Abstract 

Postharvest storage strawberry (Fragaria × ananassa Duch.) presents short life due its 

metabolically active properties. This study aimed to evaluate the coated strawberries in relation 

to weight loss, firmness, color, pH, total soluble solids (TSS), titratable acidity (TA), TSS/TA 

ratio, reducing sugars, microbial counts during storage at 10 °C for 12 days. ST coating 

contributed positively in relation to weight loss, but CNC based reinforcement was not able to 

form a coating on strawberries with better water vapor barrier property. The addition of CNC did 

not cause changes on the physical and chemical properties of strawberries. There was a 

maintenance of color characteristics on coated fruits. The addition of CNC in the coatings 

reduced the mesophilic aerobic bacterial count on the last day of evaluation, while maintaining 

strawberry quality indicating CNC can be used in coating formulations. 

 

Keywords: edible coatings; starch; cellulose nanocrystals; postharvest shelf life; preservation of 

strawberries. 
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1. Introduction 

Strawberry (Fragaria x ananassa) stands out as one of the most popular fruits worldwide 

due to its pleasant aroma, bright color, flavor, high added value and wide possibility of industrial 

processing (Costa et al., 2011; Antoniolli et al., 2011). In addition, it is rich in phenolic 

compounds, especially anthocyanins, and is a good source of natural antioxidants, minerals and 

vitamins, especially C. 

In order to attain the main sensory and nutritional qualities, the berries must be harvested 

at full maturity (Dhital et al., 2017) However, the fruit is very perishable and has limited shelf 

life due to its high respiratory rate and susceptibility to postharvest diseases. Due to the 

development of pathogens (Reis et al., 2008) , the fruits are usually harvested in ripening stages 

(pink or ½ green). Thus, because the fruit does not mature completely harvest (not being 

climacteric), changes in sensory and nutritional quality are common problems (Pineli et al., 

2011). 

Due to the high fruit respiration rate, soft texture, temperature sensitivity and mechanical 

damage, strawberries have limited postharvest shelf life, which usually lasts from one week to 

twelve days. Pathogenic contamination and changes in sensory characteristics due pH, titratable 

acidity, total soluble solids, weight loss and firmness, as well as nutritional changes are also 

limiting factors in postharvest marketing (Dhital et al., 2017). 

Because of these factors, studies have been conducted to increase postharvest shelf life and 

minimize the risk of undesirable biological, physicochemical and physiological changes. 

Scientific studies of the use of strawberry preservation techniques have shown that the 

application of a transparent and uniform coating layer on the berry surface is generally accepted 

by consumers. Indeed, in general the application of coatings composed of polysaccharides, 

proteins, lipids, resins or various composites in postharvest conservation of fruits and vegetables 

is increasing (Palou, Valencia-Chamorro, & Pérez-gago, 2015). 

Edible coatings such as carnauba wax, chitosan, galactomannans, proteins, shellac, and 

starch, among others, have been shown to preserve the quality of fruits and vegetables (Ribeiro 

et al., 2007; Gol, Patel, & Rao, 2013, Thakur et al., 2019a, Martins et al., 2013). These can be 

applied by spraying or by immersing the fruits directly in the coating solution, thus forming a 

thin filmogenic layer on the fruit surface, which is supposed to function as a partial barrier to gas 

transfer (O2/CO2) and water vapor, thus decreasing respiratory metabolism, physiological 

degradation and loss of fresh fruit weight, increasing the shelf life (Yousuf, Qadri, & Srivastava, 

2018) 
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The application of coatings from natural and biodegradable sources makes the produce 

more attractive to consumers, on environmental and safety grounds. Starch (ST) is a 

polysaccharide available from many natural sources, such as cereals, vegetables and tubers, and 

has interesting properties to form films for use in food packaging and as fruit and vegetable 

coatings (Mali; Grossmann, 2003; Thakur et al., 2018), because it is biodegradable, inexpensive 

and renewable  (Gopi et al., 2019). However, this biopolymer is often mixed with other materials 

to improve undesirable characteristics such as high-water vapor permeability and poor 

mechanical properties (Brinchi et al., 2013; Gray et al., 2018). 

The addition of nanomaterials to form reinforced biopolymer nanocomposite coatings has 

been the focus of several investigations (Rhim, Reddy, & Luo, 2015; Ji et al., 2018;  Laureth et 

al., 2018). Cellulose nanocrystals (CNCs) have been used as a reinforcing material for polymeric 

matrices. Well-dispersed crystals are able to improve mechanical performance as well as 

permeability of the coating (Brinchi et al., 2013b; Laureth et al., 2018; Azizi Samir et al., 2004; 

Slavutsky & Bertuzzi, 2014; Noshirvani et al., 2018). 

In the present work, starch-based filmogenic solutions with different CNC concentrations 

(0 to 15% dry weight) were developed and applied as coatings on strawberries. This fruit was 

chosen for analysis due to its large perspiration surface in relation to weight, fragilty and absence 

of protective membrane, so the use of coatings can be interesting to minimize water loss and 

prolong shelf life. Thus, the objective of this study was to evaluate the effect of the studied 

coatings based on the physical, physicochemical and microbiological responses of strawberries 

stored at 7 °C for 12 days. 

 

2. Materials and methods 

2.1 Plant materials  

The strawberries (Fragaria ananassa Duch. Cv Mohaven) were grown in the municipality 

of Venda Nova do Imigrante, Espirito Santo, Brazil. The fruits at the commercial ripening stage 

(bright red surface) were previously selected according to their quality attributes: uniform size 

without damage and free of fungal infection. Sanitization as performed by immersing the fruits 

in an aqueous organic chlorine solution (Sumaveg®) with concentration of 100 mg L-1 at 5 ± 1 

°C for 10 min and then a 5 mg L-1 rinse under the same conditions. About 400 g of strawberries 

was sanitized for every 2 L of chlorinated water. After sanitization, strawberries were removed 

from the sanitizing solution with the aid of plastic sieves and placed on a perforated stainless-

steel table for ± 30 min until complete drying. 
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2.2 Experimental design 

Postharvest shelf life analyses were performed to simulate market conditions (10 °C and 

85% relative humidity-RH). Seven different groups were evaluated: uncoated fruits (Control), 

starch-based coating without CNCs (ST 0% CNCs), starch-based coating with different 

concentrations of CNCs (ST 1% CNCs, ST 2% CNCs, ST 5% CNCs, ST 10% CNCs and ST 

15% CNCs). Physicochemical and microbiological analyses were performed at regular intervals 

untill 12 days (0, 3, 6, 9 and 12 days). 

 

2.3 Preparation of nanocomposite coatings 

ST/CNC/glycerol coatings with different concentrations of CNCs produced from 

viticulture residue, as reported by (Coelho et al., 2018) were prepared by mixing 2% g/mL of ST 

and water under stirring (400 rpm, 21 h ± 25 °C). Subsequently, the CNCs were added at varied 

ST concentrations of 1, 2, 5, 10 and 15 g x 100 g-1 and agitated using an ultra-turrax disperser 

(IKA T18 at 600 rpm for 20 min). The samples were called 1% ST CNCs, ST 2% CNCs, ST 5% 

CNCs, ST 10% CNCs and ST 15% CNCs, respectively. The number of CNCs was calculated 

from the concentration of the solution used, 5 g L-1, and the amount of extra water was added to 

the amount of water present in the CNC solution to obtain the same ST/water ratios. The starch 

sample contained no CNCs (ST 0% CNCs). Glycerol was added as plasticizer at a fixed 

concentration of 25% based on the dry weight of ST and the solution was stirred for 1 h. 

The solutions were heated in water bath at 70 °C for 30 minutes under stirring (400 rpm). 

This procedure ensured the total dissolution of ST and the formation of a homogeneous 

dispersion. Temperature was measured with a thermocouple placed at the geometric center of the 

sample volume. The resulting dispersion was maintained for 20 min in an ultrasonic bath 

(Branson 5510, Frequency: 40 kHz) and vacuum to remove air bubbles that may have formed 

during stirring. 

 

2.4 Strawberry coating 

The coatings were applied to the test groups by immersion. Each 150 g of strawberries was 

immersed directly in the coating solution for 2 minutes and drained with a sieve for 

approximately 30 s. Control fruits were immersed in distilled water. Then the fruits were placed 

in perforated trays at 15 ºC for drying (Franco et al., 2017). After coating, they were stored in 

PET (polyethylene terephthalate) primary innovative packaging, (10 berries per tray, 

approximately 150 g). 
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Strawberries were kept in a refrigerated chamber at 10 °C and RH of 85 ± 5% for 12 days. 

The analyses were performed on 0, 3, 6, 9 and 12 days. The fruits were analyzed for weight loss, 

firmness, color, total soluble solids, titratable acidity, pH, sugars and microbiological parameters. 

Fruit characterization (initial evaluation) was performed prior to application of the coating on the 

day of processing (day 0). Each day of analysis, three replicates per treatment were evaluated, 

each repetition consisting of a tray containing 10 fruits (± 150 g). Figure 1 shows the receipt 

flowchart, coating application and sample storage. 

 

 

Figure 1. Diagram of coating application. 

 

2.5. Fruit quality traits 

2.5.1 Weight loss percentage 

Strawberry samples (ten fruits per repetition) were weighed at the beginning of storage 

(day 0) and at the end of each storage interval with a semi analytical balance (Ohaus Adventurer 

ARC120). Weight loss was calculated by the difference between the initial and final weight for 

each interval, according to the AOAC standard method (AOAC, 1995), by the following 

equation:  

Weight loss (%) =
wi−wf 

wi
 x 100                                               (1) 

 

Where:   wi = initial sample weight (g); wf = final sample weight (g). 
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2.5.2 Color 

The external color of the strawberries was measured by reflectance with a ColorQuest XE 

spectrophotometer with CIELAB scale and CIELCh opening of 0.375 mm in diameter, and 

D65/10 illumination. Measurements were made on opposite sides of each fruit, between the 

pedicel and base. The parameters measured were luminosity (L*), ranging from 0 (for a black 

sample; minimum reflectance) to 100 (white sample; maximum reflectance), a* (positive values 

for red to negative values for green) and b* (positive values for yellow and negative for blue). 

The results were expressed as hue angle (h, color intensity angle) and chroma.  

 

2.5.3 Firmness 

Fruit firmness was determined using a texture analyzer (TA.XTplus). The strawberry was 

placed in the center of the platform and the force required to penetrate 2.0 cm into the fruit was 

measured at the puncture point with a 2 mm stainless steel tip with a test speed of 5 mm s-1. 

Results were expressed in N. 

 

2.5.4 pH, titratable acidity (TA), total soluble solids (TSS), and TSS/TA ratio 

The fruits were ground in a food processor and 1.5g of the pulp was homogenized in 60 

mL of distilled water. pH determination was performed using an automatic titrator (794 Basic 

Titrino - Metrhom) according to ISO 1842 (ISO 1842, 1991). After sample homogenization, the 

pH was measured by direct immersion of the electrode. 

Total titratable acidity (TTA) was determined with the aid of an automatic titrator (794 

Basic Titrino - Metrhom) using the  ISO 750 (ISO 750, 1998)– second edition method method, 

by measuring the amount of 0.1 mol L-1 NaOH dispensed to achieve pH 8.1. Results were 

expressed in g of citric acid equivalent per 100 g of strawberry. 

The total soluble solids content (TSS) was determined according to the  ISO 2173 (ISO 

2173, 1978) - second edition method, using a digital refractometer (ATAGO PAL 1) previously 

standardized with water and results were expressed in ºBrix. At each sampling time and for all 

physicochemical tests, three replicates per treatment were analyzed. 

 

2.5.5 Reducing sugars 

Extraction and analysis of sugars was performed according to Macrae, (1998). The sugars 

were extracted from the samples with ultrasound using ultra-purified water for 20 minutes and 

added with acetonitrile. The samples were then filtered and subjected to HPLC-IR analysis. To 
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prepare the standard solution, 0.125 g of each analytical standard was weighed (sucrose, glucose 

and fructose). 

Sugar quantification was performed by external standardization by constructing an 

analytical curve from dilutions of the prepared standard solution. Chromatographic analysis was 

performed with a Waters Alliance® 2690/5 high-performance liquid chromatograph and Waters 

2410 refractive index detector, and the compounds were identified by comparison with the 

retention time of the standards. The method is based on amino column chromatographic 

separation (30 cm x 4.6 mm, high performance carbohydrate) at a temperature of 30 °C in 

isocratic elution mode with acetonitrile: water (75:25) phase, under a flow of 1.4 mL.min-1, with 

injection volume of 20 µL and run time of 20 min. Results were expressed as g.100 g-1 sample. 

 

2.5.6 Microbiological analysis 

Microbiological analyses were performed by counting total mesophilic aerobic bacteria 

and filamentous fungi and yeasts during postharvest storage, with 25 g portions of of weighted 

aseptically strawberry pulp homogenized in a vortex tube shaker with 0.1% peptone water. 

Appropriate decimal dilutions were prepared and aliquots of these dilutions were transferred to 

specific media for determination of each group of microorganisms. Each dilution was plated in 

duplicate. 

Mesophilic aerobic standard counting was performed by the surface scattering technique, 

inoculating a 0.1 mL aliquot at plate count agar (PCA) and incubation at 35 ± 0.5 °C for 48 ± 2 

h (Morton, 2001) 

Standard counting of fungi and yeast was done by surface scattering, by inoculating 0.1 

mL of dilutions in Dichloran Rose Bengal Chloramphenical agar (DRBC), at 25 °C for 5 days  

(Beuchat & Cousin, 2001). Predominant fungal colonies on plates containing between 15 and 

150 colonies were selected for counting.  All analyses were performed in duplicate and the results 

were expressed in log of colony forming units per mL (CFU.mL-1). 

 

2.6 A statistical analysis 

The experimental results were submitted to ANOVA and the Tukey test to compare the 

means, at a significance level of 0.05. Results were expressed as mean ± standard deviation. 

Regression analysis was performed to study the effect of treatments on variables over time. 
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3. Results and discussion 

3.1 Fresh weight loss 

The coating acts as a membrane surrounding the fruit, which can significantly reduce 

moisture loss and extend shelf life (Thakur et al., 2019a). Table 1 shows the weight loss of cv. 

'Mohaven' (control) strawberries, uncoated and coated. As expected, weight loss began from day 

3 of storage, with a significant difference between control (1.84%) and coated fruit (p <0.05), 

regardless of coating applied. 

The weight loss was continuous during the storage period, in which the coated fruits 

presented lower weight loss in relation to the control (p <0.05). However, on day 12, fruits coated 

with ST 15% CNCs solution had weight loss of 3.29%, similar to the control fruits, which had 

loss of 4.81%. These results show that up to 10% CNC concentration, the use of coatings had a 

beneficial effect on the strawberry packing, but above this concentration, there was no significant 

difference in relation to the control. However, regarding comparisons of weight loss between the 

various coated fruit groups, this difference was not significant (p> 0.05). 

The weight loss in the coated fruits, regardless of the type of coating applied, showed no 

significant difference in the first nine days of storage (p <0.05), indicating that the semi-

permeable nature of the starch coating was effective in reducing moisture and mass transfer of 

the fruit surface, with or without the addition of CNCs. According to Souza et al., (2014), weight 

loss is linked to water loss, since other degradable components (aromas, flavors and gaseous 

respiration products) are undetectable in terms of weight. In this study, after the 12th day of 

evaluation, the strawberries presented the appearance of dehydrated fruits, since the weight loss 

is directly related to the water loss of these fruits. 

The CNC reinforcement was not able to form a coating on fruits with better water vapor 

barrier property than the pure polymer (ST). These results are not in agreement with the barrier 

capacity detected in the film-mounted systems, developed and characterized in preliminary 

works by our group, where the films with CNCs presented lower values of water vapor 

permeability (WVTR). This result may be linked to the fact that the application as coating forms 

a thin polymeric layer under the fruit, unlike the film formed by casting. 
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Table 1. Weight loss of the strawberries coated with starch nanocomposites and pure ST 

polymers. 

Treatment 
Storage time (days) 

0 3 6 9 12 

Control 0 ± 0a 1.84± 0.08a 2.57± 0.21a 4.21± 0.64a 4.81 ± 0.75a 

ST  0 ± 0a 0.55 ± 0.08b 0.74 ± 0.11b 1.70 ± 0.08b 2.27 ± 0.07b 

ST 1% CNCs 0 ± 0a 0.78 ± 0.35b 1.38 ± 0.58b 1.86 ± 0.61b 2.67 ± 0.57b 

ST 2% CNCs 0 ± 0a 0.82 ± 0.24b 1.43 ± 0.15b 2.44 ± 0.34b 3.00± 0.08b 

ST 5% CNCs 0 ± 0a 0.41 ± 0.03b 0.69 ± 0.12b 1.47 ± 0.07a 2.21 ± 0.08b 

ST 10% CNCs 0 ± 0a 0.38 ± 0.07b 0.72 ± 0.13b 1.69± 0.06b 2.22 ± 0.10b 

ST 15% CNCs 0 ± 0a 0.42 ± 0.31b 1.28 ± 0.84b 2.49 ± 1.28b 3.29 ± 1.05ab 

Values represent the mean ± standard deviation. Means followed by the same letters in the column did not show a 

statistically significant difference by the Tukey test (p<0.05). 

 

There was significant interaction between treatment factors and days evaluated. The curves 

presented linear model fit for all Control and ST 2% CNC coatings, while the other coatings 

presented quadratic model fit (Figure 2). Weight loss increased during storage in all evaluated 

treatments, but did not exceed 4.81% at the end of the experimental period. A weight loss above 

5% is a limiting factor for the postharvest life of fruits and vegetables, so this reduces the quality 

for consumption, marketing and value of fresh produce (Thakur et al., 2019a) . The fresh weight 

loss of strawberry cv. 'Mohaven' presented in this study is within the acceptable range mentioned 

in the literature. 

Similar results were found by Fakhouri et al. (2014), who studied the effect of edible 

gelatin-based coating containing CNCs (1 g and CNC/100g gelatin) on the quality and nutrient 

retention of fresh strawberries during eight days of storage, and observed that in all fruits, the 

weight loss was lower than in the uncoated control fruits. Silva et al. (2015), also working with 

strawberries, showed that fruits when coated with pectin and CNCs (8 g of CNC/100 g pectin) 

showed lower weight loss than uncoated fruits for twelve days of storage. Laureth et al. (2018) 

evaluated the effect of cassava starch coatings combined with CNCs (8 ml CNC solution x 100 

mL-1 starch solution) on the physiology and postharvest quality of Tahiti acid lime for nine days 

of storage and found that the coated fruits presented less weight loss than the uncoated fruits. 

However, as in this work, the addition of CNCs in the coating did not produce a significant 

difference compared to the coatings with only starch. 
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Figure 2. Weight loss of the strawberries coated with starch nanocomposites and pure ST 

polymers. (⸺) Control: uncoated fruit, (⸺) ST, (⸺) ST 1% CNCs, (⸺) ST 2% CNCs, (⸺) ST 5% 

CNCs, (⸺) ST 10% CNCs, (⸺) ST 15% CNCs. 

 

3.2 Firmess 

The firmness of the strawberries decreased significantly during the storage period (p 

<0.001), but there was no significant difference between treatments (p = 0.660) or interaction 

between these factors (p = 0.556). Thus, a quadratic model adjustment was performed for the 

factor days, indicating loss of firmness in the fruits of all treatments (Figure 3). 

The fruits presented initial firmness of 1.48 N and at the end of the experimental period, 

1.22 N. This result is natural in plant tissue over time, because during the maturation process 

cellulose, hemicellulose and pectin, present in the fruit cell wall, are hydrolyzed and solubilized 

by the action of cellulase, polygalacturonase (PG) and pectinamethylesterase (PME), enzymes 

which contribute to the softening of tissues and consequently the decrease in firmness (Franco et 

al., 2017). 

 da Silva et al. (2015) observed that strawberries when coated with pectin and CNCs (8 g 

CNC x 100 g-1 pectin) had greater firmness than uncoated fruits (0.25 N and 0.12 N, respectively). 

However, adding glycerol as a plasticizer decreased firmness values in strawberries (0.20 N). 

According to the authors, such results are probably related to the fact that although glycerol is 

water-soluble, it has a slightly oily appearance, which may have contributed to make the surface 

of strawberries slightly oily and less resistant. Laureth et al. (2018) evaluated the effect of cassava 

starch coatings combined with CNCs (8 mL CNC solution x 100 mL-1 starch solution) on Tahiti 
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acid limes for nine days of storage and observed that the addition of CNCs to the coating had 

significantly improved fruit firmness when compared to the coating of pure starch only.  

In a study reported by Franco et al. (Franco et al., 2017), the coating of strawberries with 

starch filmogenic solutions did not result in better firmness when compared to uncoated fruits. 

Finally, Pinzon et al. (Pinzon et al., 2019) reported that the application of an edible 

banana/chitosan/Aloe vera starch coating was able to decrease water vapor transfer in 

strawberries, delaying the degradation process. Thus, the loss of firmness can be attributed to the 

dehydration process, causing degradation of cell walls. 

 

Figure 3.  Mean of the firmness parameters of starch coated strawberries with or without 

nanocomposites  

 

3.3 Color 

Table 2 and Figure 3 show the color properties of the uncoated and coated strawberries. 

Four color parameters, brightness (L*), green to red tone (a*), hue angle and chroma were taken 

into consideration in this study. The value of L refers to the luminous intensity of the color of a 

sample. The closer this value to 100, the lighter the color is, and as closer to 0 the darker. The 

value a* corresponds to the degree of redness. Chroma defines color intensity, assuming values 

close to zero for neutral colors (gray) and around 60 for vivid colors (Da Silva et al., 2011).. The 

hue angle indicates color: 0° = red; 90° = yellow; 180° = green and 270° = blue  (Minolta 1998). 

Regarding chromaticity, there was a significant difference between the treatments studied 

on the 3rd, 6th and 12th days after harvest (Table 2). On the 3rd day, the ST 15% CNCs coating 

presented lower chroma value (37.50), with significant difference compared to the Control, ST 

and ST 2% CNCs groups (41.50, 40.86 and 40.88, respectively) (p <0.05). On the 6th day, the 

ST 5% CNCs and ST 10% CNCs coatings presented lower chroma value (47.57 and 47.14, 

respectively), but were only significantly different from ST coatings (52.31) (p<0.05). However, 
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on the last evaluation day, the Control and ST 2% CNC films showed values corresponding to 

36.76 and 37.76, respectively, and these were significantly different from the ST coating (43.29) 

(p <0.05). However, in the chromatic comparisons between the different concentrations of CNCs 

in the coatings, this difference was not significant (p> 0.05). In general, the fruits in which the 

starch coating (ST) was applied showed a tendency to have higher chroma values, so it can be 

said that fruits coated with ST films tended to have a more intense color during storage (Table 

2). 

There was significant interaction between treatment factors and storage days. However, 

there was no model adjustment for any treatment (Figure 4A). During storage, the fruits’ red 

color tended to intensify with the advancement of ripening, so the chroma value tended to 

increase. However, on the 6th day, the strawberries showed more intense colors. This change is 

probably associated with different degree of ripeness of the fruits during storage. 

 

Table 2. Chroma values of the strawberries coated with starch nanocomposites and pure ST 

polymers. 

Treatment 
Storage time (days) 

0 3 6 9 12 

Control 43.45 ± 1.84a 41.50 ± 0.50a 49.02 ± 0.24ab 38.81 ± 1.38a 36.76 ± 1.89b 

ST  43.45 ± 1.84a 40.86 ± 2.38ab 52.31 ± 1.27a 38.3 ± 1.61a 43.29 ± 0.73a 

ST 1% CNCs 43.45 ± 1.84a 40.62 ± 0.06abc 50.06 ± 1.80ab 41.6 ± 1.49a 39.35 ± 3.86ab 

ST 2% CNCs 43.45 ± 1.84a 40.88 ± 1.15ab 51.29 ± 1.29ab 39.48 ± 3.21a 37.76 ± 1.05b 

ST 5% CNCs 43.45 ± 1.84a 38.24 ± 0.05bc 47.57 ± 1.56b 38.28 ± 1.29a 40.11 ± 0.18ab 

ST 10% CNCs 43.45 ± 1.84a 39.17 ± 0.41abc 47.14 ± 2.59b 42.63 ± 0.55a 39.68 ± 0.89ab 

ST 15% CNCs 43.45 ± 1.84a 37.50 ± 1.32c 48.34 ± 1.23ab 40.89 ± 2.31a 41.22 ± 1.94ab 

Values represent the mean ± standard deviation. 

Means followed by the same letters in the column did not show a statistically significant difference by the Tukey 

test (p<0.05). 

 

Significant decrease in light values of (L*) were observed, independent of treatment (p = 

0.764), during the storage period (p <0.001), with quadratic model adjustment, but without 

interaction between time and treatment effect (p = 0.187) (Figure 4B). There was no significant 

decrease of the parameter a* both uncoated (Control) and coated strawberries up to the 12th day 

of storage, regardless of treatment (p = 0.097) during the storage period (p <0.001). The curve 

showed cubic model adjustment for the time factor, but without interaction between the effect of 

time and treatments (p = 0.211) (Figure 3C).  
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The hue angle showed slight treatment-independent oscillation (p = 0.097) during the 

storage period (p <0.00) but without interaction between the effect of time and treatments (p = 

0.327) (Figure 4D). For this variable, in general there was a slight increase until the 6th day of 

storage followed by a gradual decrease until the 12th day, with quadratic model adjustment for 

the time factor. The observed hue angle values were closer to the red color (44.68-37.99), as 

expected. 

The red coloring of strawberries was not changed by applying the coatings. This parameter 

is an important attribute for consumer acceptance. Therefore, the maintenance of the color with 

the application of the coating means this technique can be used without changing the original 

berry characteristics (Franco et al., 2017). 

Rocha et al. (2019) observed that during storage, strawberries, coated or not, with cassava 

starch filmogenic solutions, presented similar behavior with decreasing color parameters L* and 

a* (p ≤ 0.05), i.e., the products got darker and lost the characteristic red color. This characteristic 

may be related to enzymatic and oxidative processes associated with fruit ripening during 

storage, resulting in darkening and reduction of red color, as observed in this work. 

 

Figure 4. Color parameters of strawberries. (A) chroma, (⸺) Control: uncoated fruit, (⸺) ST, (⸺) 

ST 1% CNCs, (⸺) ST 2% CNCs, (⸺) ST 5% CNCs, (⸺) ST 10% CNCs, (⸺) ST 15% CNCs. (B) 

brightness, L*, (C) value of a * and (D) hue angle. 
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3.4 pH, titratable acidity (TA), total soluble solids (TSS), and TSS/TA ratio 

pH was influenced by treatments (p <0.001), storage days (p <0.001) and interaction 

between these factors (p <0.001), with quadratic model adjustment for control, ST, ST1% CNCs 

and ST2% CNCs treatments, but the other treatments did not present model adjustment (Table 3, 

Figure 5A). 

Table 3 shows that the pH values on day 3 were higher in fruits coated with ST 2% CNCs, 

ST 5% CNCs, ST 10% CNCs and ST 15% CNCs (3.18, 3.18, 3.19 and 3.18, respectively), but 

on the 6th day of storage, the values of fruits treated with ST 5% CNCs, ST 10% CNCs and ST 

15% CNCs coatings declined (3.00, 2.73 and 2.92, respectively). On the 12th day, coated 

strawberries had higher pH value than the control fruits. 

In general, during storage the strawberries (with or without film) behaved similarly 

regarding pH value, with a slight increase until day 6, followed by a decrease until day 12 (Figure 

5A). However, on the 6th day, strawberries coated with ST 5% CNCs, ST 10% CNCs and ST 

15% CNCs solutions presented lower pH values, probably associated with different maturation 

degrees among the selected fruits throughout storage. Thus, although the addition of the coating 

improved weight loss (Table 1), it was not able to stop the pH decrease associated with the fruit 

ripening process. Similar results were also observed by Rocha et al. (2019), where strawberries, 

coated or not, with cassava starch filmogenic solutions, presented similar behavior regarding pH 

decrease during storage. 

 

Table 3. pH values of the strawberries coated with starch nanocomposites and pure ST polymers. 

Treatments 
Storage time (days) 

0 3 6 9 12 

Control 2.95±0.07a 3.05±0.03b 3.20±0.02a 3.19±0.05a 2.95±0.04c 

ST  2.95±0.07a 3.05±0.02b 3.15±0.04ac 3.16±0.03a 3.00±0.03cd 

ST 1% CNCs 2.95±0.07a 3.09±0.05b 3.25±0.06a 3.16±0.01a 3.07±0.08bd 

ST 2% CNCs 2.95±0.07a 3.18±0.04a 3.21±0.03a 3.15±0.04a 3.13±0.03ab 

ST 5% CNCs 2.95±0.07a 3.18±0.01a 3.00±0.02bc 3.09±0.06a 3.13±0.02ab 

ST 10% CNCs 2.95±0.07a 3.19±0.02a 2.73±0.12d 3.15±0.02a 3.19±0.04a 

ST 15% CNCs 2.95±0.07a 3.18±0.03a 2.92±0.05b 3.13±0.05a 3.17±0.01ab 

Values represent the mean ± standard deviation. 

Means followed by the same letters in the columns did not show a statistically significant difference by the Tukey 

test (p<0.05). 
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The TA of strawberries decreased throughout the storage period, but a small increase in the 

last two days of evaluation was observed (p <0.001). There was no significant difference between 

treatments (p = 0.138), but there was interaction between treatment factors and storage days (p 

<0.001), with quadratic model adjustment for ST control and cubic model adjustment for ST 1% 

CNCs, ST 5% CNCs and ST 15% CNCs. The other treatments did not present model adjustment 

(Figure 5B). The content of organic acids generally decreases during storage since they are 

intermediate products of the respiratory metabolism of fruits and are transformed into sugars 

(Rosen & Kader, 1989). In addition, the pH also influences the decrease of acidity values in fruits, 

where at lower pH, the fruits are more acidic and consequently the lower pH can reduce the 

activity of the polyphenoloxidase, an ezyme responsible for vegetable browning (Rosen & Kader, 

1989)  In this work, strawberries showed vivid colors at the end of the experimental period and 

a low darkening rate. 

The treatments did not affect the quality parameters, expressed by the TSS content (p = 

0.710), these parameters were not influenced by the storage period (p = 0.912), and there was no 

interaction between these factors (p = 0.775). The overall mean TSS for all fruits throughout the 

study was 6.71 °Brix, corroborating the findings of Franco et al. (2017), who reported that soluble 

solids in 'Dover' strawberries coated with starch-based films ranged from 5.33 to 7.96 °Brix. 

The (SST/TA) ratio increased until the 6th day of storage, followed by a slight decrease in 

the last two evaluation periods, independent of treatment (p = 0.585) or storage interval (p 

<0.001), with quadratic model adjustment, but without interaction between the effect of time and 

treatments (p = 0.176) (Figure 5C). The behavior observed for this relationship was corroborated 

by the TA data, since the TSS values did not vary during storage. The TSS/TA ratio is an 

important indicator of the degree of maturity. Generally, these values increase with maturity due 

to the decrease in acidity. However, this attribute may also be dependent on cultivar and climatic 

conditions (Pineli et al., 2011). The TSS/TA ratio in strawberries generally varies within a range 

of 7:1 for sweet fruits and 6:1 for acid flavored fruits (Franco et al., 2017; Wozniak et al., 1997). 

Therefore, the fruits of all treatments are considered acidic, and this was maintained throughout 

storage. 
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Figure 5. Parameters of the strawberries coated with starch nanocomposites and pure ST 

polymers. (A) pH, (B) titratable acidity (TA), (C) TSS/TA ratio; (⸺) Control: uncoated fruit, (⸺) 

ST, (⸺) ST 1% CNCs, (⸺) ST 2% CNCs, (⸺) ST 5% CNCs, (⸺) ST 10% CNCs, (⸺) ST 15% 

CNCs. 

 

3.5 Reducing sugars 

Regarding sugars, there was a slight increase in fructose during the storage period (p 

<0.001). However, glucose remained constant until day 3 and showed a slight decrease at the end 

of the storage period (p <0.001). Sucrose was detected only on day 0, while during storage this 

sugar was not detected (p <0.001). The curves in relation to the storage period presented quadratic 

model adjustment for fructose and sucrose and linear for glucose (Figure 6). For none of the 

variables analyzed was there a significant difference between treatments (p = 0.467, 0.987, 1.000, 

respectively), as well as no interaction between treatment factors and storage days (p = 0.252, 

0.666, 1.000). 

Fructose (2.10 ± 0.11 g 100 g-1) and glucose (1.67± 0.07 g 100 g-1) were the dominant 

sugars after harvest and during storage until the 12th day. The reduction rate of sucrose 

concentration was significantly higher than for the other sugars during storage. 
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Similar results were reported by Caleb et al. (2016) and Ktenioudaki, O’Donnell, & Nunes 

(2019) who also observed a reduction in glucose and sucrose in strawberries during refrigerated 

storage. The absence of sucrose in this study can be explained, according to Caleb et al. (2016), 

by the role of sucrose in sustaining energy demand during respiration and supporting fruit 

maintenance and postharvest metabolic processes. 

 

 

Figure 6. Reducing sugars (g.100g-1) of the strawberries coated with starch nanocomposites and 

pure ST polymers. (●) Fructose, (▄) Glucose (TA), (♦) Sucrose. 

 

3.6 Microbiological analysis 

Strawberries have a short postharvest shelf life because of their susceptibility to tissue 

damage and phytopathogenic fungal infections (Reis et al., 2008; Pinzon et al., 2019). In this 

work, it was observed that the fungal and yeast counts during storage varied only slightly. In 

general, postharvest diseases are the result of latent infections initiated during the field or harvest 

(Siedliska et al., 2018). It was verified at time 0, the strawberries were already contaminated. 

During storage, there was no considerable increase in the occurrence of fungi and yeasts, 

regardless of the coatings used (Table 4). 

Different results were reported by Pinzon et al. (2019) who observed the effectiveness of 

applying of chitosan and starch coating, with considerable reduction of fungal deterioration of 

strawberries. However, the addition of Aloe vera extract in the coatings was able to retard fruit 

deterioration, since the combination of of the well-known compounds has antimicrobial and 

antifungal properties, which can be used to prolong the shelf life of many fruits. Mali and 

Grossmann (Mali & Grossmann, 2003) observed that packages made from yam starch were 

effective as a barrier against microbial contamination of strawberries. 
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According to the Institute of Food Science and Technology (IFST), the acceptance limit 

for fruit products is 106 CFU. mL-1 (Shahbazi, 2018). In this study, the yeast and mold counts for 

uncoated and coated samples did not reach this limit until the 12th day of storage. 

A similar effect was observed for changes in mesophilic aerobic bacterial counts, with little 

variation throughout storage. However, on 12th day the coatings reduced microbial growth, 

where the mesophilic aerobic bacteria count was 5.5 x 104 for uncoated strawberries, while fruits 

coated with ST 10% CNCs and ST 15% CNCs reached values close to 6.5 x 102 and 2.4 x 103 

CFU. mL-1. This was possibly due to a modified micro-atmosphere on the product surface formed 

when coatings are applied. Pinzon et al. (2019) also observed the effectiveness of applying 

chitosan and starch coating in reducing contamination of strawberries by mesophilic aerobic 

microorganisms. 

 

Table 4. Total yeast, mold and mesophilic aerobic bacteria counts (CFU mL-1) during storage of 

coated and uncoated strawberries at different CNC concentrations 

Treatments 
Storage time (days) 

0 3 6 9 12 

CFU mL-1 yeast and moulds 

 Control 3.3 x 104 3.1 x 104 2.4 x 105 1.8 x 104 9.5 x 104 

 ST  3.3 x 104 4.7 x 105 2.7 x 104 2.2 x 104 4.6 x 104 

 ST 1% CNCs 3.3 x 104 3.3 x 105 3.7 x 105 >1.5 x 106 
estimated 1.8 x 105 

 ST 2% CNCs 3.3 x 104 5.9 x 104 4.5 x 105 3.5 x 105 8.2 x 104 

 ST 5% CNCs 3.3 x 104 1.7 x 105 4.4 x 105 7.5 x 105 2.0 x 105 

 ST 10% CNCs 3.3 x 104 1.7 x 105 1.1 x 105 7.8 x 104 4.3 x 105 

 ST 15% CNCs 3.3 x 104 5.4 x 104 7.7 x 105 7.6 x 105 2.2 x 105 

CFU mL-1 mesophilic aerobic bacteria 

 Control 1.5 x 104 9.5 x 103 1.1 x 105 9.0 x 102 
estimated* 5.5 x 104 

 ST  1.5 x 104 1.1 x 105 1.5 x 104
 estimated* 5.0 x 102 

estimated* 1.3 x 104 

 ST 1% CNCs 1.5 x 104 5.5 x 104 2.7 x 105 2.5 x 103 5.3 x 104 

 ST 2% CNCs 1.5 x 104 1.0 x 104
 estimated* 2.1 x 105

 estimated* 2.0 x 104 2.4 x 105 

 ST 5% CNCs 1.5 x 104 2.8 x 104 2.2 x 105 5.4 x 103 9.8 x 104 

 ST 10% CNCs 1.5 x 104 4.4 x 104 5.9 x 105 7.0 x 102 
estimated* 6.5 x 102 

estimated* 

  ST 15% CNCs 1.5 x 104 9.2 x 105 6.3 x 105 1.1 x 104 2.4 x 103 

*Estimated values refer to counts below or above the limits established by the method. The established limits are: 

between 25 and 250 CFU / g or mL. 
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4. Conclusions 

The structure of ST edible coatings contributed to the positive results obtained in relation 

to the cv. Mohaven, suggesting that the coating was effective as a physical barrier to moisture 

loss. However, CNC based reinforcement was not able to form a coating on fruits with better 

water vapor barrier properties compared to pure polymer (ST). Likewise, potato ST coatings, 

with or without CNCs, did not cause changes in the physical-chemical properties of strawberries. 

The application of coatings does not change the red color of the fruits. Thus, color maintenance 

even with coating application indicates these coatings can be used without loss of the original 

fruit characteristics. This study showed that starch-based coatings did not inhibit fungal and yeast 

growth. Nevertheless, strawberries showed microbiological quality until the last day of storage, 

considered an advantage in maintaining the quality of strawberries. 
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Final considerations 

Demand for renewable and biodegradable products has become an important strategy in 

the effort to reduce the polluting impact of packaging on the environment. In this context, 

biopolymers emerge as potential substitutes for petroleum-based packaging materials and add 

the challenge of integrating knowledge from different approaches in order to meet the 

expectations of the packaging market. 

A significant amount of solid waste is generated in viticulture and the reuse of this abundant 

and available material becomes interesting for the development of new materials as a technically 

and economically viable option to reduce the use of petrochemical products. This highlights the 

need for more alternatives for the recovery of agricultural waste and alternative for its use as the 

incorporation of derived materials in the packaging industry. 

This study demonstrated the potential of applying moderate electric field technology to 

microcrystalline cellulose reinforced chitosan and starch films as promising materials for the 

development of biodegradable composites. In addition, the use of the moderate electric field 

proved to be an interested tool for the incorporation of cellulose microcrystals, it had influence 

on the physical and structural properties of the films. Despite the results of the electric field 

application in the filmogenic solutions were not significantly efficient on improving the 

microcomposite characteristics, as expected, the study on the application of ultrasound bath, as 

well as the results of the characterization of the films, were valuable, since the concentration and 

the method of incorporating reinforcement materials in the development of biodegradable 

packaging are the subject of ongoing researches. 

Suitable conditions for obtaining cellulose nanocrystals from Pinot noir grape were defined 

in this study. Bagasse pretreatment steps have been shown to be efficient removal of non-

cellulosic components. Acid hydrolysis led to the production of microcrystalline structures from 

purified cellulose and high intensity ultrasound treatment was presented as an essential step for 

the production of nanocrystalline structures. The obtained cellulose nanocrystals showed 

determinant characteristics for incorporation and dispersion in food structures or polymeric 

matrices, allowing their application as reinforcement materials in packaging or gels. 

Cellulose nanocrystals from the Alicante Bouschet grape were successfully incorporated 

into starch filmogenic solutions and homogeneous casting films were produced. Incorporating 5 

to 15% nanocrystals was effective in promoting a stronger network structure in the film. 

Cellulose nanocrystals were able to decrease water vapor permeability values and increase film 

opacity.  



142 
 

The application of potato starch filmogenic solutions with or without cellulose nanocrystals 

as edible coating on strawberries cv. Mohaven were studied. Starch coatings contributed to the 

physical barrier to moisture loss. However, the reinforcement based on cellulose nanocrystals 

was not able to form a coating with better water vapor barrier properties and fruit firmness, 

important characteristics for edible coatings. However, the coatings studied did not cause 

changes in the physicochemical properties of strawberries and the fruits kept the microbiological 

quality, indicating their use in postharvest fruits without losing their original characteristics until 

twelve days.  
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Future works 

 

 Future work is necessary to better investigate the application of ohmic heating in starch 

and chitosan films, deepening the understanding of this technology in relation to the change of 

polymeric structure of films. 

 This work was able to obtain, characterize and study the application of cellulose 

nanocrystals from grape residue in a food product. Thinking on the purification of cellulose from 

this residue there are other technologies that need to be studied, such as hydrothermal 

pretreatment, aiming to remove the hemicellulose present in the material, in order to obtain a 

high percentage of hydrolyzed hemicellulose with the least possible degradation of the cellulosic 

portion. This step can be followed by oxidative bleaching to remove the remaining lignin, 

recovering the cellulose from the material, with less solvent and less effluent generation. 

Additional studies related to lignocellulosic characterization at each pretreatment stage is 

an interesting strategy to define how much cellulose is being recovered at each stage. From these 

results, it will be possible to define the best conditions for hydrothermal pretreatment and 

bleaching. material based on the lignocellulosic composition of the treated materials. As well as 

the use of liquid fractions from hydrothermal pretreatment, which may be rich in lignin and 

hemicellulose. 

Further, nanocrystals can be studied as a pickering emulsifying agent in a polymeric 

formulation to increase hydrophobicity without affecting the structural integrity of the matrices. 

Thus, to evaluate the applicability of the obtained material. Polymeric filmogenic solutions added 

with essential oil stabilized by cellulose nanocrystals can be studied in order to evaluate the use 

as packaging film in food matrices. 

From these perspectives, a postdoctoral project was submitted focusing on the use of 

agroindustrial byproducts to obtain cellulose nanocrystals, through the use of hydrothermal 

pretreatment of lignocellulosic material. In addition, the applicability of the material obtained as 

a stabilizer of polymeric solutions, film formation and subsequent application will be 

investigated. 
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