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Abstract 

Increasing concerns about textile waste have required the development of promising 

approaches to recycling them into valuable products. One of the most consumed fibers in textile 

industry is cotton, which contains more than 90% of cellulose and could act as useful biomass 

feedstock for cellulose nanocrystals (CNCs). CNCs are the most abundant crystalline 

polysaccharide nanomaterials on Earth and are the promising building blocks for active 

packaging materials due to their high crystallinity, biocompatibility, nontoxicity, and abundant 

active sites for further modification. The primary aim of this project was to extract CNCs from 

waste textile to develop antibacterial packaging materials. The study in chapter 3 aimed to 

explore the possibility of directly extracting CNCs from textile waste using sulfuric acid 

hydrolysis and three-step oxidization, respectively. The obtained CNCs had a rod-like shape 

and cellulose Ⅰβ crystalline structure with ~89% crystallinity index. The aspect ratio of CNCs 

extracted from acid hydrolysis and oxidization were 10.00 ± 3.39 and 17.10 ± 12.85, 

respectively. Moreover, we investigated the reinforcing effect of CNCs on soybean protein 

isolate films, and the results confirmed that the addition of CNCs could improve the films’ 

mechanical performance and water vapor barrier property. Chapter 4 developed an approach to 

producing CNC-based nanofillers with multifunction. In light of the findings in Chapter 3, we 

modified CNCs with methacrylamide to explore their potential as antibacterial nanofillers in 

commercial plastic films. The modified CNCs could eliminate 99.999% of Staphylococcus 

aureus and Escherichia coli, and the incorporation of modified CNCs into polymer matrices 

could effectively inactivate both bacteria at a concentration of 106 CFU/mL after 1-hour contact. 
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The antibacterial activity could be fully recharged by chlorination without impacting their 

mechanical properties. Chapter 5 compared different antibacterial modifications of CNCs and 

investigated the effects of modified CNCs on the performance of polylactic acid (PLA) 

packaging films. Particularly, CNCs were modified with methacrylamide, cetyltrimethyl-

ammonium bromide, and zinc oxide, respectively, and applied on the surface of PLA films by 

spray-coating. All the modified CNCs showed high antibacterial efficacy against 

Staphylococcus aureus and Escherichia coli (>99.999%). The coating of modified CNCs 

endowed PLA films with excellent antibacterial activity and improved performance, including 

mechanical strength, gas barrier properties, and compost disintegration rate. The obtained 

PLA/CNC composite films also exhibited the capacity to extend meat shelf l ife from 3 days to 

more than 10 days. Chapter 6 developed a mechano-bactericidal surface by depositing CNCs 

on the surface of regenerated cellulose (RC) films with the assistance of vacuum filtration. Two 

types of CNCs were compared, including shorter HCNCs from textile waste (aspect ratio of 

10) and longer t-CNCs from tunicate cellulose (aspect ratio of 55). The obtained structure could 

eliminate over 80% of four bacteria strains upon 3-minute contact, namely Staphylococcus 

aureus, Escherichia coli, Listeria monocytogenes, and Salmonella enterica, and the 

antibacterial efficiency was related to the characteristics of bacteria and the surface topography. 

Compared to RC/HCNC films, RC/t-CNC films showed better bactericidal activity. A 

remarkable reduction (p < 0.05) of the antibacterial activity was observed for RC/CNC films 

after pressing at 50,000 lbs for 15 minutes. Overall, this research revealed that textile waste is 

a potential feedstock for extracting CNCs, and the obtained CNCs are a promising candidate 
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for fabricating antibacterial packaging materials. 
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Résumé 

Les préoccupations croissantes concernant les déchets textiles ont conduit au développement 

d'approches prometteuses pour les recycler en produits de à valeur ajoutée. L'une des fibres les 

plus consommées dans l'industrie textile est le coton, qui contient plus de 90% de cellulose et 

pourrait servir de nouvelle biomasse pour les nanocristaux de cellulose (CNC). Les CNC sont 

les nanomatériaux polysaccharidiques cristallins les plus abondants sur Terre et des éléments 

constitutifs prometteurs pour les matériaux d'emballage actifs en raison de leur haute 

cristallinité, de leur biocompatibilité, de leur non-toxicité et de l'abondance de sites actifs pour 

des modifications ultérieures. L'objectif principal de ce projet était d'extraire les CNC des 

déchets textiles pour construire des matériaux d'emballage antibactériens. L'étude présentée au 

chapitre 3 visait à explorer la possibilité d'extraire directement les CNC des déchets textiles en 

utilisant l'hydrolyse à l'acide sulfurique et l'oxydation en trois étapes, respectivement. Les 

CNCs obtenus avaient une forme de tige et une structure cristalline de cellulose Ⅰβ avec un 

indice de cristallinité de ~89%. Les rapports d'aspect des CNCs extraites de l'hydrolyse acide 

et de l'oxydation étaient de 10,00 ± 3,39 et 17,10 ± 12,85, respectivement. Par ailleurs, les 

résultats ont confirmé que l'ajout de CNC pouvait améliorer les performances mécaniques des 

films et la propriété de barrière à la vapeur d'eau. Le chapitre 4 a développé une approche pour 

produire des nanocharges multifonctionnelles à base de CNC. Nous avons modifié les CNCs 

avec du méthacrylamide pour explorer le potentiel en tant que nanocharges antibactériennes 

dans les films plastiques commerciaux. Les CNC modifiés ont pu éliminer 99,999 % de 

Staphylococcus aureus et d'Escherichia coli, et l'incorporation des CNC modifiés dans des 



XII 

matrices polymères a pu inactiver efficacement les deux bactéries à une concentration de 106 

UFC/mL après 1 heure de contact. L'activité antibactérienne a pu être entièrement rechargée 

par chloration sans impact sur leurs propriétés mécaniques. Le chapitre 5 a comparé différentes 

modifications antibactériennes des CNC et a étudié les effets des CNC modifiés sur la 

performance des films d'emballage en acide polylactique (PLA). Les CNC ont été modifiés 

avec du méthacrylamide, du bromure de cétyltriméthylammonium et de l'oxyde de zinc, 

respectivement, et appliqués sur la surface des films PLA par pulvérisation. Tous les CNC 

modifiés ont montré une grande efficacité antibactérienne contre Staphylococcus aureus et 

Escherichia coli (>99,999%). L'enrobage de CNC modifiés a conféré aux films PLA une 

excellente activité antibactérienne et une meilleure performance. Les films composites 

PLA/CNC obtenus ont également montré leur capacité à prolonger la durée de conservation de 

la viande de 3 jours à plus de 10 jours. Le chapitre 6 a développé une surface mécano-

bactéricide en déposant des CNCs sur la surface de films de cellulose régénérée (RC) à l'aide 

d'une filtration sous vide. Deux types de CNC ont été comparés, notamment des HCNC plus 

courtes provenant de déchets textiles et des t-CNC plus long provenant de cellulose tuniquée. 

La structure obtenue a pu éliminer plus de 80 % de quatre souches de bactéries après un contact 

de 3 minutes, à savoir Staphylococcus aureus, Escherichia coli, Listeria monocytogenes et 

Salmonella enterica, et l'efficacité antibactérienne était liée aux caractéristiques des bactéries 

et à la topographie de la surface. Comparés aux films RC/HCNC, les films RC/t -CNC ont 

montré une meilleure activité bactéricide. Une réduction remarquable de l'activité 

antibactérienne a été observée pour les films RC/CNC après un pressage à 50 000 livres 



XIII 

pendant 15 minutes. Cette recherche a révélé que les déchets textiles sont une matière première 

potentielle pour la production de CNC, et que les CNC obtenus sont un candidat prometteur 

pour la fabrication de matériaux d'emballage antibactériens. 
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Chapter 1. General Introduction 
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1.1. Introduction 

Cellulose is the most abundant natural polymer on Earth. It is expected to be used in the 

fabrication of high-tech sustainable materials, contributing to addressing global climate change 

and plastic pollution (Li et al., 2021). Generally, cellulose is a long chain linear polysaccharide 

consisting of hundreds of anhydro-D-glucose units linked by β-1,4-glycosidic bonds with a 

chemical formula (C6H10O5)n (Figure 1.1) (Zainal et al., 2021). Cellulose is readily available 

and renewable in plants and animals, and exists as a structural component in biofilms secreted 

by bacteria such as Acetobacter xylinum (Niu et al., 2021). 

With the advancement in nanotechnology, cellulose nanocrystals (CNCs) have attracted 

worldwide attention because of their high crystallinity, lightweight, high stiffness, 

biocompatibility, large specific surface area, and exceptional reactivity (Ferreira, Rezende, & 

Cranston, 2021; Kumar & Chauhan, 2022). CNCs have a diameter <100 nm and length in semi-

micro/nanoscale, which can be derived from a wide range of sources (e.g., cotton linter (do 

Nascimento, Nunes, Feitosa, Dufresne, & Rosa, 2022), tree wastes (Schiavi, Francesconi, 

Taddei, Fortunati, & Balestra, 2022), and tunicate cellulose (Wu et al., 2022)). On account of 

their great properties, CNCs provide an economically viable and sustainable solution for 

various applications, such as wastewater treatment (Badawy, Ghanem, Yassin, Youssef, & 

Rehim, 2021), drug delivery systems (Seabra, Bernardes, Fávaro, Paula, & Durán, 2018), and 

packaging materials (H. Li, Shi, He, Fei, & Peng, 2020). Notably, the potential applications in 

food packaging have been frequently reported, where the incorporation of CNCs was found to 

improve the mechanical strength and gas barrier properties of packaging materials (Rojas-
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Lema et al., 2021). With the changes in consumer behavior and increasing awareness of food 

safety, there is a growing need for antibacterial packaging from sustainable materials.  

 

Figure 1.1. Schematics of (a) single cellulose chain repeat unit, showing the directionality of 

the 1→4 linkage and intrachain hydrogen bonding (dotted line), (b) idealized cellulose 

microfibril showing one of the suggested configurations of the crystalline and amorphous 

regions, and (c) cellulose nanocrystals after acid hydrolysis dissolved the disordered regions. 

Reproduced from (Moon, Martini, Nairn, Simonsen, & Youngblood, 2011) with permission 

from the Royal Society of Chemistry. 

Antimicrobial packaging is an effective approach to controlling the foodborne disease by 

reducing or hindering microbial growth. Antimicrobials could protect packaged food from 

microbial hazards during storage and transportation, improving food safety and quality (Ahmed 

et al., 2022). Generally, antimicrobial packaging works by the employment of antimicrobial 

substances (e.g., essential oil (Eghbalian, Shavisi, Shahbazi, & Dabirian, 2021), silver (Sun et 

al., 2021), titanium dioxide (Ezati, Riahi, & Rhim, 2022), etc.) in packaging materials. Many 
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efforts have been made to develop natural antibacterial nanomaterials to address safety and 

environmental concerns. In this perspective, we explored the emerging potential of CNCs and 

their derivatives as a sustainable and practical alternative to construct antibacterial packaging 

materials. 

1.2. Rationale and Objectives of the Proposed Research 

The hypotheses of this project are that (1) textile waste will be capable of serving as feedstock 

of cellulose nanocrystals, and (2) cellulose nanocrystals with high reactivity and high stiffness 

will be promising candidates to construct antibacterial packaging materials.  

The overall objective of this study is to extract CNCs from textile waste and construct 

antibacterial packaging materials enabled by CNCs. Waste biomass such as textile waste has 

been selected as the model feedstock of CNCs, and various strategies have been investigated 

to develop antibacterial packaging materials, including CNC-based antibacterial nanofillers, 

antibacterial coatings, and mechano-bactericidal surfaces. 

The specific objectives of this research are:  

1. To explore the possibility to directly extract CNCs from cotton textile waste by sulfuric acid 

hydrolysis and three-step oxidation (Chapter 3). 

2. To develop an approach for producing functional CNCs that can be easily incorporated into 

commercial plastic films as antibacterial nanofillers (Chapter 4). 

3. To investigate the effects of different antibacterial modifications of CNCs on the 

performance of compostable packaging materials (Chapter 5). 

4. To study the mechano-bactericidal efficiency of different CNC coatings and surface 
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topography (Chapter 6). 

1.3. Organization of the Thesis 

This dissertation consists of seven chapters: Chapter 1, general introduction, provides the 

research background and states the rationale and objectives of the research; Chapter 2, literature 

review, provides a comprehensive review of the literature on the subject matters involved in 

this research; Chapters 3-6 each represents a full manuscript including the methodology and 

research findings in their entirety; Connecting text between the manuscripts shows the bridge 

in the logical progression from one chapter to the next; Chapter 7, conclusion and summary, 

states how the objectives of the research are met, the implications of findings, and 

recommendations for future research.  
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Chapter 2. Recent Developments and Prospective Food-related 

Applications of Cellulose Nanocrystals: A Review  
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2.1. Abstract 

Cellulose nanocrystals (CNCs) with prominent mechanical properties are well known as the 

natural reinforcing elements in composites and have received considerable interest over the 

past decades. Numerous original resources and extraction methods were applied to obtaining 

CNCs, and the surface properties of CNCs were modified to improve the compatibility with 

polymeric matrices. Despite these different raw materials and treatments, various novel 

applications of CNCs have been developed in recent years. Among them, the food-related 

applications of CNCs have attracted more and more attention because of their renewability,  

outstanding mechanical properties, unique nanoscale structure, biocompatibility, and easy 

surface modifications. This review summarized the recent work on the extraction, modification, 

and food-related applications of CNCs. Traditional raw materials, such as cotton, wood, and 

tunicate, were still widely used, while there is a new trend to obtain CNCs from waste biomass. 

Different pretreatments, extraction processes, and surface modifications were compared and 

discussed. Moreover, the potential applications of CNCs in food packaging, food thickener, 

emulsion stabilization, quality sensor, and active compound immobilization were presented. 

Finally, concerns about safety and sustainability have been addressed. 

2.2. Introduction 

Cellulose is the most abundant natural polymer on Earth. Cellulose nanomaterials, such as 

cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs), have received considerable 

interest over the past decades due to their unique mechanical properties.  

CNCs display a high crystallinity, biocompatibility, nontoxicity, and a large specific surface 
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area. Besides, CNCs contain abundant hydroxyl groups (-OH), which have the potential for 

further modifications, and the modified CNCs can be applied to various practical utilizations 

(Bai et al. 2019a). On account of these great properties, CNCs have been employed in 

widespread applications in environmental, medical, and manufacturing fields. For example, 

they can commonly serve as a stabilizing agent in Pickering emulsions (Bai et al. 2019c; 

Capron et al. 2017; Hu et al. 2015; Kalashnikova et al. 2011). The resultant products displayed 

satisfying stability and other enhanced properties, such as stronger gel-like behavior (Chen et 

al. 2018). CNCs can also be used in the environmental field for metal ion detection (Zhang et 

al. 2018a). Furthermore, CNCs have potential in medical applications, which have attracted 

enormous interest recently. It was found that CNCs can be used as promising materials for 

wound dressing (Dong and Li 2018; Tavakolian et al. 2018). Zhang et al. (Zhang et al. 2018b) 

investigated the CNC-based film with superior antibacterial properties and high mechanical 

strength. The film showed improved antibacterial properties against Staphylococcus aureus and 

Escherichia coli. At the same time, scientists are curious if these CNCs, mainly derived from 

plants and animals, can be used in food or food-related applications. 

On the other hand, new raw materials, extraction methods, and surface modifications of CNCs 

have also attracted much attention. Some plants (walnut shells (Hemmati et al. 2018), 

ampelodesmos mauritanicus (Luzi et al. 2019), shaddock peel (Tang et al. 2017), and corn cob 

(Souza et al. 2016)) and marine animal (Halocynthia roretzi Drasche (Cheng et al. 2017)) have 

been used as new sources of CNCs. Also, CNCs can be extracted from synthetic biofilm 

generated by bacteria (Wu et al. 2018a) and from waste such as waste paper (Lei et al. 2018). 
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Regardless of the raw materials used, there are several general steps to follow to extract CNCs, 

as shown in Figure 2.1. The pretreatments are performed to remove impurities of the feedstock. 

According to the different impurities, specific treatments are needed. Afterward, extraction of 

the crystal region of cellulose is performed to obtain CNCs, followed by some post-treatments 

to purify the product. 

 

Figure 2.1. Scheme of production of CNCs. 

Sulfuric acid (H2SO4) hydrolysis is known as a traditional extraction method, obtaining CNCs 

with sulfate half-ester group (-O-SO3H) on the surface (Kumar et al. 2018). In the past 5 years, 

many studies focused on optimizing the experimental conditions to improve CNC performance. 

However, the sulfate half-ester groups might restrict the application of CNCs in thermoplastic 

nanocomposites due to the considerable decrease in degradation temperatures (Jiang et al. 2010; 

Roman and Winter 2004). Even so, H2SO4 hydrolysis has still been the most widely used 

method to extract CNCs. The reason is that this method provides a thorough experimental 

scheme with convenient operation and low cost compared to the other extraction methods 

(Malucelli et al. 2017). The synthesized functional groups are negatively charged from 

approximately pH 3 and up, which offers CNCs a broad range of colloidal stability (Lu et al. 
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2017). Meanwhile, another traditional method, hydrochloric acid (HCl) hydrolysis, has also 

been presented to prepare CNCs (Zulnazri et al. 2017). 

Generally, modifications of CNCs after extraction are performed to meet the requirements for 

different applications. For example, Kalantari et al. (Kalantari et al. 2018) successfully 

modified CNCs for avoiding the aggregation in N,N-dimethylformamide, which might affect 

the electrospinning process. Kim et al. (Kim et al. 2018) applied the silylation method to 

obtaining CNCs with improved thermal durability, and the products could be used as flame 

retardant with satisfying performance. These modification methods can be briefly divided into 

physical modifications and chemical modifications. As for physical modification, it is usually 

carried out through electrostatic interaction. Liu et al. (Liu et al. 2018a) used cationic bovine 

serum albumin to physically modify negatively charged CNCs. The composite efficiently 

improved the stability of Pickering emulsions, leading to a long shelf-life of more than 30 days. 

On the other hand, chemical modification is implemented by reacting with the functional 

groups on the CNC surface. Song et al. (Song et al. 2018a) prepared polyvinyl alcohol 

(PVA)/CNC composite by chemical cross-linking to promote the mechanical properties and 

thermal stability. Shang et al. (Shang et al. 2018) used thiol-containing castor oil to chemically 

modify CNCs to increase the hydrophobicity.  
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2.3. Sources, extraction, and modification 

2.3.1. Original sources 

CNCs can be derived from a wide range of sources. Among them, cotton stands out as the most 

common raw material (Ling et al. 2018). Decades ago, Favier et al. successfully extracted 

CNCs from tunicate and applied them to reinforcing composite polymers (Favier et al. 1995a; 

Favier et al. 1995b). Also, some bacteria could produce biofilm containing cellulose, which has 

been considered as a new source of CNCs (Salari et al. 2018).Today, making the best use of 

recycling materials has become the research focus in many fields. Thus, many researchers have 

made efforts to use waste biomass as an alternative source of CNCs, which is eco-friendly. For 

example, waste paper products contain a certain amount of cellulose. The production of CNCs 

involves the pretreatment of waste paper to regain pulp, followed by the extraction of CNCs. 

Lei et al. (Lei et al. 2018) prepared CNCs from office waste paper and used them as coating 

materials. Rahman et al. (Rahman et al. 2017) successfully extracted CNCs from tea leaf fibers, 

and Ogundare et al. (Ogundare et al. 2017) yielded CNCs from discarded cigarette filters. 

Additionally, bagasse, rice straw, and wheat straw have also reported being the conventional 

sources because of their high contents of cellulose and low cost (El Miri et al. 2018; Oun and 

Rhim 2016; Oun and Rhim 2018). 

The dimension, crystallinity, and yield of CNCs, which are recently prepared from various raw 

materials using H2SO4 hydrolysis extraction, are summarized in Table 2.1. All the synthesized 

CNCs have similar rod-like morphology with different aspect ratios. The lengths of CNCs 

extracted from waste biomass are around 200 nm. However, the CNCs extracted from animal 
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sources presented longer lengths in the submicron scale, leading to high aspect ratios. It was 

reported that the higher aspect ratio of CNCs contributes to the better reinforcing properties. 

The crystallinity index of obtained CNCs ranges from 70% to 95%. The yield of CNCs from 

various raw materials was rarely on regular because the calculation methods were not 

consistent among different articles. 

2.3.2. Pretreatment 

The various raw materials not only determine the dimensions of CNCs but also require the 

selection of adequate pretreatment methods. In general, a series of steps are carried out 

involving cutting the raw materials into small pieces, removing the non-cellulose components, 

and sometimes followed by the bleaching and washing processes. The recently reported 

methods to pretreat novel raw materials of CNCs are summarized in Table 2.2. These methods 

were determined by the non-cellulose compositions in the feedstock. For instance, Coelho et 

al. (Coelho et al. 2018) prepared CNCs from grape pomace, which contained several non-

cellulose polysaccharides and polyphenolics. The pretreatment with dilute H2SO4 was used to 

remove the acid-soluble components, and the alkali treatment was to eliminate the others (such 

as hemicellulose and lignin) before extracting CNCs. The pretreatments of pineapple crown, 

including water immersion, mercerization, and bleaching, were recently investigated (Prado 

and Spinace 2018). Those methods were selected on account of the existence of soluble sugars, 

hemicellulose (19%), and lignin (5-15%) in pineapple crown. Nagarajan et al. (K. J et al. 2018) 

used toluene-ethanol solution to remove wax from Saharan aloe vera cactus leave fibers, 

followed by a sodium chlorite treatment to eliminate lignin. The similar dewaxing and 
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delignifying procedures were also employed to pretreat Agave fibers (Reddy et al. 2014) and 

lettuce leaves (Ko et al. 2018). The same pretreatment can be repeated multiple times to 

completely remove the non-cellulose compositions (Coelho et al. 2018). Extra steps are usually 

needed to clean up the chemical residues after pretreatments. For example, it was necessary to 

remove toluene/ethanol residue by vacuum drying. Specific devices, like capacity acid 

digestion bomb, could facilitate the pretreatment process, but the cost also increased (Dunlop 

et al. 2018). 
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Table 2.1. Dimension, crystallinity and yield of CNCs recently prepared from various raw materials.  

Category Raw materials Diameter (nm) Length (nm) 
Aspect 

ratio 

Crystallinity 

index 
Yield Reference 

Plant cotton linter 19 ± 8 229 ± 97 12 82% 59–72% (Hemmati et al. 2019) 

Lettuce leaves 33 ± 12 237 ± 26 N/A 95.70% N/A (Ko et al. 2018) 

Grape pomace 7.00 323.00 46 74.89% 20.96% (Coelho et al. 2018) 

Animal Vase tunicate 17.4 ± 10.7  1374 ± 600 80 ± 60 73 ± 6% 44 ± 8% after pretreatment (Dunlop et al. 2018) 

Club tunicate 18.3 ± 10.1 1567 ± 638 90 ± 57 89 ± 7% 32 ± 7% after pretreatment 

Microorganism G. xylinus (bacteria) 22 600 27 95.6% N/A (Ambrosio-Martin et al. 2015) 

Waste Office waste paper 33 ± 5 238 ± 72 N/A 84% 9% (Orue et al. 2017) 

Kelp  20-45 100-500 5-20 69.4% 52.3% after pretreatment (Liu et al. 2017) 

Newspapers 5.78 ± 2.14 121.42 ± 32.51 N/A 90.15% 54.6% after pretreatment (Mohamed et al. 2015) 

Posidonia oceanica 4.9 ± 1.3 180 ± 28 36.73 N/A 14% (Fortunati et al. 2015) 
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Table 2.2. Pretreatments involved in recent CNCs preparation from novel raw materials. 

Raw materials Non-cellulose compositions Pretreatment method Time (h) Reference 

Leaves Wax, pigments and phenolics Soxhlet extraction using toluene/ethanol (2:1 v/v) 24 (Ko et al. 2018) 

Hemicellulose 4% NaOH 2 

Coloring materials Bleaching 2% NaClO2-CH3COOH 3 

Grape pomace Phenolics, pigments and oils 0.067 UGP/mL Ethanol 1 (Coelho et al. 2018) 

Acid-soluble polysaccharides and 

polyphenolics, hemicellulose, lignin 

2% H2SO4 5 

Hemicellulose, lignin, alkali-soluble 

polysaccharides 

5% NaOH 5 

Lignin and phenolics residual 5% H2O2 8 

Nut shell Wax Benzene/methanol (4:1) 6 (Hemmati et al. 2018) 

Hemicellulose, lignin 1M NaOH 4 

Waste paper Inks and fillers 7.5 wt% NaOH 1.5 (Orue et al. 2017) 

Posidonia oceanica Sand and other soil contaminants Water 24 (Fortunati et al. 2015) 

Wax Toluene/ethanol (2:1 v/v) 6 

Coloring materials Bleaching with 0.7% w/v NaClO2 5% w/v 

NaHSO4 17.5% w/v NaOH 

4 
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2.3.3. Extraction 

After pretreatments, the major component in raw materials is cellulose, which is composed of 

amorphous and crystalline regions. The extraction process is to selectively destroy the 

disordered amorphous region, leaving the nanocrystals intact (Lorenz et al. 2017). For example, 

the pretreated raw materials were hydrolyzed in H2SO4 solution (ca. 65 wt%) at 45 ℃ - 55 ℃ 

to extract CNCs from the soluble hydrolysates (Chieng et al. 2017; Demetrescu et al. 2016; Ko 

et al. 2018). Chen et al. (Chen et al. 2016) used formic acid (HCOOH) and HCl mixed solution 

to prepare CNCs with formate groups. The phosphoric acid hydrolysis was also successfully 

employed to extract CNCs (Ding et al. 2017). Acid hydrolysis was compared with mechanical 

extraction (pulp refining), and it was found that mechanical treatment cannot serve as an 

effective method to extract CNCs (Liu et al. 2016). The other extraction methods are enzyme 

hydrolysis and oxidization. 

2.3.3.1. Acid catalytic hydrolysis 

In general, it is easier to attack the connections in the disordered amorphous region by 

chemicals, and the acid hydrolysis is an incomplete process under controlled reaction time and 

temperature. The hydronium ions (H3O+) in an acid solution protonate the oxygen atom of the 

glucoside bond in cellulose molecular chain, weakening the bond energy and then breaking the 

bond. Meanwhile, the hydrogen bonds among cellulose molecules in amorphous regions are 

broken by H3O+, accompanied by some secondary reactions (Chen et al. 2017). The research 

work mainly focuses on two aspects: optimizing the hydrolysis conditions and exploring the 

new acid solution to prepare CNCs with better properties. Usually, a hydrolysis reaction could 
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be affected by acid concentration, temperature, and hydrolysis time. Excessive hydrolysis can 

damage the crystallization region, or even thoroughly break cellulose into small molecules. 

The optimized hydrolysis time can be calculated through the leveling off of the degree of 

polymerization (Lorenz et al. 2017).  

Over the past years, significant efforts have been made towards exploring new acid systems 

for the hydrolysis of cellulose. Espinosa et al. (Camarero Espinosa et al. 2013) attempted to 

add phosphate groups on CNCs by phosphoric acid hydrolysis to improve their thermal stability 

and dispersibility in water. The results showed that the slightly phosphorylated CNCs formed 

stable dispersions in polar solvents. Monika et al. (Monika et al. 2017) compared the effects of 

four mineral acids (H2SO4, H3PO4, HCl, and HNO3) and found that CNCs obtained by HNO3 

hydrolysis had the highest thermal stability. Yu et al. (Yu et al. 2017) used mixed acids of 

HCOOH and HCl to yield rod-like CNCs with formate groups. However, these acid hydrolysis 

processes required harsh experimental conditions, such as high reaction temperatures and 

extended hydrolysis time. It is worth noting that using liquid acids may lead to severe 

equipment corrosion and high purification cost. Therefore, the use of solid acids has been 

proposed as an alternative with the advantages of feedstock cycling used, less corrosion, and 

less hazard operations. For instance, Liu et al. (Liu et al. 2014) successfully obtained rod-like 

CNCs by using phosphotungstic acid-catalyzed hydrolysis. The primary advantages of this 

method are easy acid recycle after hydrolysis and moderate reaction conditions.  

Overall, the acid hydrolysis method is simple, and several acids or their mixtures can be 

selected. However, some issues, such as the vast usage of acid and corrosion of equipment, 
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should be addressed. 

2.3.3.2. Oxidization 

The oxidization method is useful in introducing anionic groups to cellulose molecules. The 

experimental procedure can be briefly divided into oxidization of cellulose and separation of 

oxidized CNCs. In the first step, the oxidization of -OH groups and the removal of the 

amorphous region proceed simultaneously. The resultant products possess negatively charged 

carboxyl groups (-COOH), which could not only facilitate the dispersion of CNCs in aqueous 

solutions but also be used for further modifications, such as coupling amine-containing 

molecules. 

Oxidization, using (2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO) as a radical, is a widely 

used method. TEMPO is a stable radical that selectively mediates the oxidation of primary 

alcohols into carboxylic acids through an aldehyde intermediate. Usually, TEMPO oxidization 

is cooperative with mechanical disintegration, and the fine, middle and coarse fractions of 

extracted CNCs could be separated by a simple centrifugation method (Peyre et al. 2015). 

Zhang et al. (Zhang et al. 2016) applied TEMPO oxidation to preparing CNCs from sugarcane 

with the further assistance of ultrasound. It was found that the yield of CNCs could reach 70%, 

and the carboxylate content was about 1.5 mmol/g. 

Recently, a three-step oxidation method has been developed to prepare CNCs. Firstly, the 

cellulose feedstock was oxidized by NaIO4/NaCl solution, forming partial 2,3-dialdehyde units 

on the cellulose chain. Then, the oxidized cellulose was treated with a mixed solution of 

hydrogen peroxide (H2O2)/NaClO2/NaCl to converse dialdehyde groups into dicarboxylic 
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groups. The third step was TEMPO oxidation, and the C-6 hydroxyl groups were oxidized into 

carboxyl groups (Zhang et al. 2017). Due to the negatively charged carboxyl groups, the 

resultant CNCs could be easily dispersed in water and had high stability.  

H2O2 is an alternative oxidant that can emerge radicals of hydroxyl and hydroperoxyl groups, 

cause the breakage of glycoside bonds, and simultaneously convert hydroxyl groups into 

carboxyl groups (Dias et al. 2011). Koshani et al. (Koshani et al. 2018) applied H2O2 to 

preparing CNCs with -COOH groups, using CuSO4 as the catalyst. Also, Huang et al. (Huang 

et al. 2017) successfully prepared CNCs by H2O2 treatment under alkaline conditions. Another 

one-step oxidation method to prepare CNCs has been reported using ammonium persulfate as 

a strong oxidant. Ammonium persulfate is an oxidant with several advantages, such as low cost 

and high-water solubility. It can be used to prepare CNCs along with removing the other non-

cellulose components without any pretreatment (Ye et al. 2018b). Therefore, this method has 

been considered as a ‘green’ and low-cost approach. Zhou et al. (Zhou et al. 2018) further 

decreased the dosage of potassium permanganate and prepared the carboxylate CNCs with 1.58 

mmol/g of carboxylate content. Recently, Ye et al. (Ye et al. 2018a) compared CNCs obtained 

from ammonium persulfate oxidization and H2SO4 hydrolysis and found that the oxidized 

CNCs showed stronger promotion of crystallization ability when incorporated into 

poly(butylene adipate) matrix. 

2.3.3.3. Ionic liquid hydrolysis 

Ionic liquid (IL) hydrolysis has received numerous attention as a low-energy-consuming and 

sustainable process because it allows the recycling of reagents and limited use of corrosive 
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chemicals. This hydrolysis involves two main steps. Firstly, the pretreated cellulose is 

immersed in IL for a period to allow swelling. Secondly, water is added to initiate the hydrolysis 

stage. During the reaction, taking 1-butyl-3-methylimidazolium hydrogen sulfate 

([BMIm]HSO4) as an example, the hydrogen and oxygen atoms of amorphous cellulose are 

easily accessible by the dissociated [BMIm]+ and [HSO4]- to form the electron donor-electron 

acceptor. Then, the hydroxyl groups break, resulting in the selective removal of the amorphous 

area. Mao et al. (Mao et al. 2015) successfully used IL hydrolysis to prepare CNCs with high 

product quality and reaction yields (57%) under mild conditions (Mao et al. 2016). It was of 

significance to find that the hydrolysis kinetics (under 120 ℃) in weak links and the 

amorphous area followed the heterogeneous first order, which provided a theory guide for 

future research. Similar results, along with a higher crystallinity index of CNCs, were obtained 

by using several types of ILs (Tan et al. 2015). Lazko et al. (Lazko et al. 2016) used [BMIm]Cl 

to swell and [BMIm]HSO4 to hydrolyze the raw material. Besides, tetrabutylammonium acetate 

and dimethylacetamide combined with acetic anhydride were used to yield rod-shape CNCs 

with acetylation on the surface (Miao et al. 2016). However, although ILs are recyclable, the 

additional processes, such as distillation, filtration, and centrifugation, require extra cost and 

time. 

2.3.3.4. Enzymatic hydrolysis 

The extraction methods, as mentioned above, are based on chemical treatments. In contrast, 

enzymatic hydrolysis is a bio-based ‘green’ method to prepare CNCs. The enzymes with 

specific functionalities can selectively depolymerize the amorphous region of cellulose to 
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prepare CNCs with high crystallinity. Additionally, the enzymatic method can potentially 

recycle lignocellulose biomass during the hydrolysis (Du et al. 2017; Li et al. 2016). Cellulase 

is the generic term for a group of enzymes, including endo-1,4-β-glucanases, exoglucanases or 

cellobiohydrolases, and β-glucosidases. (Siqueira et al. 2019). Among them, endo-1,4-β-

glucanases can degrade the amorphous regions of cellulose, while cellobiohydrolases are for 

attacking the low crystalline part. Cellulase hydrolysis can generate CNCs through a simple 

process and equipment. The traditional procedure is to disperse cellulose in buffer solution, 

followed by adding enzymes and washing the products after hydrolysis. Zhao et al. (Zhao et al. 

2015) compared three methods, enzymatic hydrolysis, TEMPO-mediated oxidation, and 

sulfuric acid hydrolysis, to prepare CNCs using tunicate as feedstock. They found that the 

morphology and crystallinity were similar despite different methods. However, the 

enzymatically hydrolytic products showed little charge on the surface. A similar result was 

observed in the coproduction of CNCs and glucose using cellulase enzymatic hydrolysis 

(Rovera et al. 2018). The capacity of different enzymes has been investigated. Yarbrough et al. 

(Yarbrough et al. 2017) prepared CNCs by a fungal enzyme (Cel7A, Trichoderma reesei) and 

a bacterial enzyme (CelA, Caldicellulosiruptor bescii). The fungal enzyme system expressed 

the processive hydrolysis, while the bacterial enzyme system presented the localized hydrolysis. 

The different hydrolysis mechanism of two enzymes led to inconsistent yields and properties. 

It was demonstrated that CelA performed better in production rate and product uniformity. 

Besides, the enzymatic hydrolysis has also been combined with other treatments to prepare 

CNCs. For example, the combination of enzymatic treatment and H2SO4 hydrolysis has 
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recently been investigated (Fortunati et al. 2016; Pang et al. 2018). They discovered that the 

yield exceedingly increased while shorter reaction time and lower acid cost were required 

(Beltramino et al. 2018; Beyene et al. 2017). The use of enzymatic treatment, together with IL 

hydrolysis, has also been reported (Zhao et al. 2017) as an acid-free process. 

Generally, the advantages of enzymatic hydrolysis include the use of convenient technique, 

moderate reaction conditions, and low energy cost. It also provides an approach to coproduce 

CNCs and biofuels. However, it is not widely adopted because of the high cost of enzymes and 

prolonged reaction time. 

2.3.4. Modification 

The modification of CNCs is guided by the final targeted performance, responding to the made-

to-order application requests. Although the above-extracted CNCs have outstanding 

mechanical and physicochemical properties, they aggregate in most organic solvents and 

cannot be well dispersed in hydrophobic polymer matrices, limiting their applications. Thus, 

modifications are usually carried out to increase the hydrophobicity of CNCs, and various 

chemical groups have been grafted on the surface of CNCs by either covalent bonding or 

electrostatic interaction (as shown in Figure 2.2). 
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Figure 2.2. Chemical structures of unmodified and modified CNCs. 

2.3.4.1. Chemical modification 

Chemical modification is the frequently used method and can permanently change the 

functional groups and bonding mode of CNCs. There are abundant -OH groups on CNCs and 

a certain amount of aldehyde or carboxyl groups on the oxidized CNCs, which are the active 

sites to perform chemical modifications. Tang et al. have made a series of efforts to chemically 

modify CNCs. They put forward an organic solvent-free method to prepare CNCs with maleic 

anhydride modification. The process of CNC extraction and chemical grafting coincided under 

ultrasonication (Tang et al. 2013). Then, they yielded a pH-sensitive fluorescent CNCs through 

multiple steps. Firstly, amino groups were introduced to CNCs by esterification between the -

OH groups of CNCs and -COOH groups of L-leucine amino acid. Secondly, the fluorescein 

derivative, 5(and 6)-carboxy-2’,7’-dichlorofluorescein (CDCF), was joint through amidation 
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reaction between the amino groups and -COOH groups of CDCF (Tang et al. 2016). Based on 

these studies, they linked the tosufloxacin tosilate drug to the L-leucine amino acid modified 

CNCs and applied them to the colon-targeted drug delivery (Tang et al. 2018b). 

Meanwhile, many other chemical modifications have been reported. Poaty et al. (Poaty et al. 

2014) selected several alkyl quaternary ammonium bromides to modify CNCs to establish the 

ionic coupling between CNCs and polymer matrix and increase their interactions. Kaboorani 

and Riedl (Kaboorani and Riedl 2015) used hexadecyltrimethylammonium (HDTMA) to 

modify CNCs without causing any damage to the crystalline structure. They found that the 

concentration of HDTMA could affect the hydrophobicity of the products. Similar results have 

been reported by Auclair et al. (Auclair et al. 2018). Yuan and Wen (Yuan and Wen 2018) 

introduced alkyl ketene dimer to CNCs through esterification reaction, obtaining modified 

CNCs with a contact angle of larger than 90°. Li et al. (Li et al. 2018a) synthesized 

polyacrylamide grafted CNCs with crosslinked poly(acrylic acid) (PAA) networks. The 

modified products showed self-healing property and advanced mechanical strength. 

Additionally, Ngwabebhoh et al. (Ngwabebhoh et al. 2018) used H2SO4 hydrolysis to prepare 

CNCs with the -O-SO3H group. The amidation modification was then performed after 

desulfation and epoxidation treatments to enhance the reactivity of CNCs. 

Chemical modifications can occur at the C-6, C-2, and C-3 positions of cellulose. For example, 

the oxidized CNCs with dialdehyde groups are a reactive intermediate for further derivatization 

(Li et al. 2009; Lu et al. 2014). Sirvio et al. (Sirvio et al. 2014) successfully prepared the 

dialdehyde CNCs using periodate oxidation, followed by bisulfite addition. The modified 



25 
 

CNCs were applied to the self-standing nanocellulose film that presented high tensile strength 

(162.9 MPa) and low oxygen permeability (0.12 cm3 μm/(m2 d kPa) at 50% relative humidity). 

Jin et al. (Jin et al. 2015) grafted ethylenediamine to dialdehyde CNCs through a reductive 

amination reaction. The amine groups reacted with the aldehyde groups to build the imine 

bonds, which were then reduced to C-N bonds. The modified CNCs showed an amphoteric 

property with the change of pH and a high adsorption capability towards acid red (555.6 mg g -

1) and thus can be applied to the adsorption of anionic dyes. 

Besides the above-mentioned binding sites for chemical modifications, it was also proven that 

there are active semi-acetal groups on the end of cellulose molecular chains. Arcot et al. (Arcot 

et al. 2014) investigated a mild asymmetric thiolation procedure to chemically modify CNCs 

at their reducing aldehyde ends by grafting thiol groups. The modified CNCs chemisorbed on 

gold in the up-right orientation. Li et al. (Li et al. 2018b) used triazole to modify CNCs at the 

end position, and the modified CNCs were applied to fabricating a compatible composite wi th 

natural rubber, which showed an increase of 160% in tensile strength compared to the neat 

natural rubber material. 

2.3.4.2. Physical modification 

Aside from the chemical modification, the physical modification of CNCs is a promising 

alternative because the process is usually convenient, fast, and solvent-free. However, in recent 

years, physical modifications have been rarely reported. Gong et al. (Gong et al. 2017) 

improved the interfacial properties of the oxidized CNCs by physically combining 

phenyltrimethylammonium chloride with carboxyl groups. Bai et al. (Bai et al. 2018c) used a 
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cationic surfactant (ethyl lauroyl arginate) to modify CNCs physically. It was proved that the 

complex could keep the emulsion stable for one month. Miri et al. (El Miri et al. 2016) put 

forward a new approach to combine CNCs with graphene oxide via hydrogen bonding. The 

composite could overcome the agglomeration and enhancing the interaction with the PVA 

matrix. However, the physical modifications sometimes are not efficient. A similar attempt has 

been carried out to modify the oxidized CNCs with lysozyme via electrostatic interaction, but 

the resultant products showed a weaker activity as a bio-nanostructure compared to the 

chemically modified products (Abouhmad et al. 2017). Toncheva et al. (Toncheva et al. 2018) 

assembled Ag nanoparticles with CNCs. Compared to the chemical bonding, the physically 

linked nanoparticles tended to aggregate with limited property improvement. 

2.4. Current food-related applications 

Due to the abundant raw materials, various extraction methods, outstanding mechanical 

properties, unique nanoscale structure, biocompatibility, biodegradability, and easy surface 

modifications, CNCs have various application in many fields, such as healthcare, 

environmental protection, chemical engineering, and manufacture. In the past five years, the 

use of CNCs as a reinforcing agent was still the most common application. CNCs with/without 

surface modifications were mixed with various polymers to improve the tensile strength and 

thermal properties (El Miri et al. 2015; Ferreira et al. 2018; Fumagalli et al. 2018; Yin et al. 

2018). CNCs were also served as the template for synthesizing nanomaterials. Dhar et al. (Dhar 

et al. 2018) used CNCs to prepare graphene with tunable dimensions. Shaheen and Fouda 

(Shaheen and Fouda 2018) investigated the positively-charged Ag nanoparticles to be absorbed 
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on the CNC surface, obtained Ag nanorods with remarkable antibacterial activity and stable 

structure. Moreover, CNCs have been applied to biomedical materials. For example, the 

addition of CNCs in chitosan-g-d, l-lactic acid tissue engineering material facilitated cell 

growth and viability (Ko et al. 2018). CNCs were also used to improve the biocompatibility 

and mechanical properties of chitin based surgical sutures, which could promote wound healing 

(Wu et al. 2018a). Besides these promising applications, CNC-based materials have also been 

applied to monitoring or improving the quality of food products. 

2.4.1. Pickering emulsion stabilizer 

An emulsion is a mixture of two immiscible liquids in which the stabilizer, normally a 

surfactant, is required. Conventional surfactants are usually small molecules containing both 

hydrophilic and hydrophobic groups. Apart from them, CNCs are also able to stabilize the 

liquid droplets on account of shape anisotropy, electrostatic stabilization, interfacial adsorption, 

and interfacial network, and form the Pickering emulsions (Bai et al. 2019b). The recent work 

reported that CNCs produced from different origins showed great emulsifying capacity (Figure 

2.3), and the resultant emulsions were envisioned for food application. Hedjazi and Razavi 

(Hedjazi and Razavi 2018) used the unmodified CNCs, prepared from H2SO4 hydrolyzed 

cotton linter, to stabilize canthaxanthin/coconut oil/water Pickering emulsion. They found that 

the emulsions with cotton linter CNCs were more stable than the emulsions with bacterial 

CNCs, and the prepared CNCs were potential for food industries, pharmacology, and cosmetics. 

Liu et al. (Liu et al. 2018b) also demonstrated that the unmodified CNCs were able to stabilize 

corn oil-in-water Pickering emulsion. Furthermore, they investigated the effect of salt on the 
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stability of emulsion and found that CNCs with little amount of salt could stabilize the 

emulsions with low viscosity and density. The relationship between the droplet size and 

stability of Pickering emulsions has also been studied. Gestranius et al. (Gestranius et al. 2017) 

applied unmodified CNCs prepared from filter paper to the stable Pickering emulsions with the 

droplet size of 10-40 m, and Bai et al. (Bai et al. 2018b) suggested that the submicron droplet 

size could increase the stability of emulsion with low oil fraction. The latter employed CNCs 

obtained from ashless cotton fiber filter paper to stabilize the sunflower oil-in-water emulsion, 

and the visual appearance indicated that the CNC-stabilized Pickering emulsion could remain 

stable for over a week. It was worth noting that the relatively high hydrophilicity of CNCs 

limits the stability of emulsions. To overcome this challenge, Tang et al. (Tang et al. 2018a) 

introduced the hydrophobic chains (polystyrene) to CNCs to emulsify toluene and hexadecane 

(over four months of storage). 
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Figure 2.3. Schematic illustration of the formulation, preparation, and oil droplet stabilization 

via electrostatic interactions involving CNC and Ethyl lauroyl arginate (LAE). The proposed 

Pickering emulsion stabilization mechanism at different LAE loading levels is introduced 

(reproduced from (Bai et al. 2018c) with permission of the American Chemical Society). 

2.4.2. Food packaging 

Numerous studies focused on using CNCs to reinforce food packaging materials, and the 

significant improvement in mechanical properties are attributed to the interactions between 

CNCs and polymer matrix. Various polymers have been employed as the matrixes. Anzlovar et 

al. (Anzlovar et al. 2018) reported that the acetic anhydride-modified CNCs could serve as a 

reinforcing agent for linear low-density poly(ethylene) (LLDPE) nanocomposite. The 

modification enhanced the compatibility between CNCs and matrix, increasing the 

nanocomposite breaking strain by 90%. However, the addition of CNCs affected the 

crystallinity of LLDPE, and thus limited the reinforcing effect. In general, the adhesion 
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between the reinforcing agent and the matrix in the interface region is usually due to wettability 

and adsorption, interdiffusion, electrostatic attraction, chemical bonding, and mechanical 

adhesion. César et al. (Cesar et al. 2018) approached a novel method to improve the mechanical 

properties of nanocomposite combined by covalent linkages between OH groups of modified 

CNCs and cellulose acetate. CNCs were extracted from Typha domingensis followed by 

modification with 3,3’,4,4’-benzophenone tetracarboxylic dianhydride, contributing to restrict 

the hydrogen-bonding between CNCs. The tensile strength at break of modified CNC-filled 

nanocomposites increased by 66%. Perumal et al. (Perumal et al. 2018) prepared CNCs from 

rice straw through acid hydrolysis and used them to reinforce PVA/chitosan nanocomposite 

film. According to the FTIR results, strong electrostatic interactions and hydrogen bonds 

existed among CNCs and PVA/chitosan, contributing to an increase of 130% in tensile strength.  

Other than the improved mechanical properties, the nanocomposites containing CNCs also 

showed higher barrier properties. Plappert et al. (Plappert et al. 2018) reported the preparation 

of 2,3-dialdehyde CNCs through sodium periodate oxidation of microcrystalline cellulose and 

applied them to film fabrication with unmodified CNCs. The resultant film was transparent and 

had low permeability (< 0.009 mL μm m-2 day-1 KPa-1) even at a relative humidity of 80%. 

According to the report of Lei et al. (Lei et al. 2018), the water vapor barrier property of 

PET/CNC film had been improved. The original PET film possessed the water vapor 

transmission rate of 37 g m-2 day-1, which is treble as quick as the PET/CNC film (~ 10 g m -2 

day-1). 

The methods of fabricating film have also attracted great interest. For example, cast ing is a 
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commonly used method to fabricate the film containing CNCs. Firstly, the casting solution was 

prepared by dissolving the matrix material and dispersing CNCs in a universal solvent. Then, 

the solution was cast on a flat plate followed by drying for a specified period (Grzabka-

Zasadzinska et al. 2018; Yu et al. 2016; Yu et al. 2018). The obtained film possessed a thickness 

ranging from 0.1 mm to 1 mm. Besides, the melt blending process has been used to make a 

film with a smaller thickness of 10-30 m (Arrieta et al. 2015). Also, there were laboratory 

methods created to prepare film. Li et al. (Li et al. 2016) developed a sandwich method to 

achieve a thin film (20-30 m), where filter membranes were used. 

Although the research has gone through an extended period, there are still many studies on 

developing CNCs with multiple functions. For example, CNCs have been used as coating 

materials, showing enhanced gas barrier (oxygen and carbon dioxide) and satisfying thermal 

stability (Rampazzo et al. 2017). El Achaby et al. (El Achaby et al. 2017) developed the 

nanocomposite film with CNCs, PVA, and carboxymethyl cellulose (CMC) via solvent casting 

and found that the film could take advantage of the combination (Figure 2.4). The tensile 

strength of the optimized product increased by 82%, accompanied by an 81% decrease in its 

water vapor permeability. At the same time, the optical transparency maintained at around 90%. 

However, these preparation methods are incapable of mass production, limiting the promising 

application for food packaging. Besides, limited research has focused on applying the prepared 

film to practical food packaging and studying the effects on food preservation. 
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Figure 2.4. Schematic representation of intermolecular hydrogen bonds that occurred in 

PVA/CMC blend and PVA/CMC-CNC bio-nanocomposites and the structure of the resulting 

bio-nanocomposite film with well-dispersed CNC (reproduced from (El Achaby et al. 2017) 

with permission of Elsevier). 

2.4.3. Food thickener 

CNCs possess the potential to serve as a food thickener, which could be inferred from their 

rheological properties. In general, the thickening effect occurred when CNC concentration 

reached the overlap concentration, where CNCs started to contact each other and form the 

entangled network, contributing to a higher viscosity (Saha and Bhattacharya 2010). Qiao et al. 

(Qiao et al. 2016) studied the rheological properties of CNC suspensions (isolated from cotton). 

They found that there was a positive correlation between CNC concentrations and their 

apparent viscosity, and the CNC suspensions presented the shear-thinning behavior. Tang et al. 
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(Tang et al. 2018c) reported that CNCs were the effective thickening agent in chitosan/guar 

gum nanocomposite suspension. With the addition of 3% CNC, the viscosity of suspension 

increased by 27%. This improvement was attributed to the hydrogen bonds among the hydroxyl 

groups of chitosan, guar gum, and CNCs. Peng et al. (Peng et al. 2018) demonstrated that rod-

like CNCs with a higher aspect ratio were more efficient in increasing the viscosity, and the 

thickening effect related to the charge of polymer matrices (cationic>anionic>nonionic). 

However, the research on the potential usage of CNCs as food thickener has been seldom 

reported, which may be due to their uncertain safety level. 

2.4.4. Carrier system 

CNCs have been considered as a promising material for carrier systems on account of their 

biocompatibility, biodegradability, and low toxicity. Furthermore, the relative ease of surface 

modification allows CNCs to conjugate with small molecules or particles. 

Presently, most CNC-based carriers were designed for future biomedical applications. Abo-

Elseoud et al. (Abo-Elseoud et al. 2018) suggested that the increase of the carboxylic groups 

on the CNC surface could retard the release of the loaded drug. They attempted to use 

chitosan/CNC nanoparticles as the carrier system of repaglinide, which is an anti -

hyperglycemic drug. The results showed that the release kinetics followed the Higuchi model, 

indicating that the drug diffused and released through the nanoparticle matrix. Moreover, CNCs 

extracted from bacteria with methacrylamide modification has shown the potential as the 

carrier of nucleic acid (Singhsa et al. 2018). Although the modified CNCs fully complexed 

with nucleic acid, further investigation was demanded to evaluate the transfection efficacy. 
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Also, Bai et al. (Bai et al. 2018a) aimed to use PVA/CNC hydrogel as the carrier of methylene 

blue dye. The results showed that the adsorption capacity of pure PVA hydrogels to remove 

dye is 46%, while the addition of CNCs increased the adsorption capacity to 65%. It is due to 

the porous wall of PVA/CNC hydrogel has become thicker, and the binding sites for dye 

adsorption have increased.  

According to current studies, the surface properties of CNCs could be easily modified through 

physical or chemical methods to enhance the interactions with the targeted molecules or 

improve the stability at the water/oil interface. Then, they could be used to build carrier systems 

for various purposes. In terms of previous research reviews, it was predicted that the carrier 

systems based on CNCs could be applied to functional foods. However, some challenges 

remained to be dealt with in the future, such as the stability of carrier systems in different food 

matrices and the safety issues as the food additives. 

2.4.5. Sensor 

CNCs and their derivatives can serve as the matrix of the intelligent sensors. Sadasivuni et al. 

(Sadasivuni et al. 2016) fabricated a nitrogen dioxide gas sensor based on CNCs and iron oxide, 

where iron oxide grew on the acid-form CNCs to prepare a flexible and transparent hybrid film 

for sensing. According to quantitative analysis, the sensor exhibited a detection limit of 2 ppm 

with excellent response and good reversibility at room temperature. This sensing system also 

has the potential for other gas detection with further application in intelligent packaging. 

Esmaeili et al. (Esmaeili et al. 2015) investigated the CNC-based sensors for detecting glucose. 

They prepared an electrochemical glucose sensor by pyrrole polymerization on the CNC 
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surface. The sensor had the limit of detection of 50 ± 10 μm and the period of validity of 17 

days. Another sensor made from poly(diallyldimethylammonium chloride) modified CNCs has 

been reported by Dong et al. (Dong et al. 2016). The limit of glucose detection had been 

reduced to 2.4 μm. Ma and Wang (Ma and Wang 2016) prepared a colorimetric pH-sensing 

film, using tara gum and CNCs as the matrix and extracts from grape skins as the pH-responsive 

components. The resultant film responded to pH changes with the evident change in coloration 

(from bright to dark green), which could be applied to intelligent food packaging for providing 

information. 

Intelligent sensors could also be fabricated through grafting the responsive components onto 

CNCs. Yuan et al. (Yuan et al. 2018) applied 2-bromoisobutyryl groups modified CNCs to 

fabricating a fluorescent sensor, in which CNCs served as backbones, and AzoC6MA and 

DMAEMA monomers were employed as UV light-, temperature- and pH-responsive 

components (Figure 2.5). The results indicated that the monomers were successfully grafted 

onto CNCs with slight morphology change. The sensor exhibited repeatable and reversible 

transformation in the fluorescence intensity between 40-50 ℃ and pH 6-8, and under the 

irradiation of UV light, which was promising for monitoring several parameters during food 

storage.  

Song et al. (Song et al. 2018b) developed a colorimetric sensor by chemically modifying CNCs 

with amine groups. It could change color when it was exposed to aldehyde gases, such as 

formaldehyde. Principal component analysis indicated that the prepared sensor could 

distinguish different types of aldehydes and differentiate between aldehyde and non-aldehyde 
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gases. Other fluorescent CNCs have shown to be responsive to solvent polarity and ionic 

strength (Wu et al. 2018b). The smart sensor was based on the modified CNCs through covalent 

conjugation of a 1, 8-naphthalimide dye onto TEMPO-oxidized CNCs. It showed magnified 

fluorescence response, where its fluorescence emission was inversely proportional to the 

reducing solvent permittivity or increasing ionic strength, because of the effect of aggregation-

enhanced emission. 

 

Figure 2.5. Schematic temperature- and pH-responsive properties and the photo-isomerization 

and fluorescence performance of CNC-g-P(AzoC6MA-co-DMAEMA) nanosensors 

(reproduced from (Yuan et al. 2018) with permission from the Royal Society of Chemistry). 

2.4.6. Water purification 

CNCs have also been applied to other applications, such as wastewater purification, which is a 

significant solution to the shortage of water resources. There are many types of pollutants in 

wastewater, such as high concentrations of metals and some organic substances. Yousefi et al. 
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(Yousefi et al. 2018) proposed a solution to use graphene/CNC composite to adsorb a cationic 

dye, methylene blue, in contaminated water. The adsorption capacity of graphene/CNC 

composite was 2-fold higher than that of traditional activated carbon, due to the presence of 

hydroxyl and carboxyl groups. The composite was also able to adsorb the metal ions with a 

capacity of 76 mg g-1 for Cd2+ and 63.8 mg g-1 for Cu2+. Moreover, it was reported that the 

aerogels based on acrylic acid grafting modified CNCs could effectively adsorb methylene blue 

in wastewater due to their high swelling ratio (Liu et al. 2018c). On the other hand, the modified 

CNCs have potential in environmental ion detection. Zhang et al. (Zhang et al. 2018a) 

successfully prepared the modified CNCs through controlled esterification, where 

ethylenediaminetetraacetic dianhydride was applied to oxidizing CNCs followed by the 

conjugation of fluorescent 7-amino-4-methylcoumarin. The products were used to quantitively 

detect Cu2+ by the change of fluorescence signals. These attempts have shown the potential of 

CNCs and their derivatives in various applications, but the economic viability and performance 

during practice remain the challenges. 

2.4.7. Safety issues 

Cellulose has been designated as “generally regarded as safe” (GRAS) substance by the FDA 

(Food and Drug Administration). However, CNC is not on the list because it has different 

chemical characteristics, such as size, shape, crystal structures, and surface charge (FDA 2019). 

Generally, biocompatibility refers to the ability of a material to perform with an appropriate 

host response in a specific application (Williams 1999), and toxicity is the degree to which a 

substance can damage a whole organism or a substructure of the organism. Some recent 
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investigations have attempted to clarify these safety issues of CNCs. For example, Coelho et 

al. (Coelho et al. 2018) evaluated the cytotoxicity of CNCs extracted from grape pomace. After 

incubation with CNCs (0.2 mg/mL) for 48 h, the viability of colon epithelial cells (Caco-2) 

was as high as the control. A similar result was reported by Xiao et al. (Xiao et al. 2019). There 

was no significant effect on Caco-2 cell viability after exposure to CNCs extracted from wheat 

bran at a concentration of 1000 μg/ml. 

Besides the above-mentioned in vitro experiment, more studies focused on the health concerns 

of CNCs for the human body. Roberts et al. (Roberts et al. 2019) pointed out that it was crucial 

to monitor the CNC concentration in the air because CNCs might enter the body through 

inhalation. Koshani and Madadlou (Koshani and Madadlou 2018) suggested that the study of 

the CNC orogastrointestinal process was significant toward understanding the associated safety 

issues. They expounded that CNCs were indigestible, and there might be some interactions 

between the gut microbiome and CNCs in the distal ileum and colon. These interactions would 

affect the metabolism of the microbiome, but it was uncertain whether this effect was good or 

bad. DeLoid et al. (DeLoid et al. 2019) reported the in vitro and in vivo toxicity of ingested 

CNCs and CNFs. They found that CNCs and CNFs (0.75% w/w) showed minimal or no 

cytotoxicity in a cellular model of the intestinal epithelium and no significant growth in reactive 

oxygen species production. When the dose of CNCs increased to 1.5% w/w, the growth of 

reactive oxygen species production (<1.1 fold) and cytotoxicity (~12%) were observed. 

However, the in vivo results of hematology, serum markers, and histology exhibited no 

significant differences between the rats with or without given CNF suspensions. The results 
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about the in vivo effects of CNCs were not provided. 

2.5. Conclusion and outlook 

In the past five years, numerous studies focused on the extraction and modification of CNCs. 

Besides the traditional raw materials such as cotton, wood, and tunicate, waste biomass became 

the new feedstock of CNCs. Several novel extraction methods have been developed, while 

sulfuric acid hydrolysis was still widely used. Various chemical and physical modifications 

have been reported, and most of them aimed to increase the hydrophobicity of CNCs to improve 

their compatibility with nonpolar polymeric matrices. The food-related applications of CNCs 

have attracted increasing interest. Notably, the potential applications in food packaging and 

Pickering emulsion have been frequently reported. Due to the unique morphology and high 

rigidity, the incorporation of CNCs could improve the mechanical and gas barrier properties of 

packaging materials, and the amphiphilic feature of CNCs allows them to act as a ‘green’ 

stabilizer to prepare Pickering emulsions. 

It is believed that CNCs are promising building blocks of nanomaterials for various practical 

applications, and commercial CNC products are available on the market. However, future 

research in the following areas is required to promote their food applications:  

1. Proper applications of CNCs are the key to future development. CNC extraction has become 

a proven technique. However, there is still a lack of suitable applications for the produced 

CNCs. The attempt to add CNCs into food packaging is promising because the materials with 

light weight, high strength, and low gas permeability are usually required. It wil l also help 

reduce the usage of non-degradable plastics. Moreover, it will be interesting to combine CNC 
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based nano-sensors with packaging materials to fabricate new active and intelligent food 

packaging, which will be beneficial to food quality and safety. 

2. ‘Green’ and cost-effective modifications of CNCs are expected in future studies. Till now, 

many methods have been reported to improve the hydrophobicity of CNCs. However, most of 

these modifications increased the cost of products, and sometimes even affected the 

biocompatibility of CNCs. Therefore, it is necessary to assess the efficiency, feasibility, and 

cost of different modification methods, and develop the eco-friendly routes to produce 

modified CNCs. 

3. Safety issues of CNCs need to be investigated for their potential food applications. Current 

research work on the in vitro and in vivo toxicity of CNCs is limited. CNCs originated from 

different raw materials have various aspect ratios, and their surface functional groups and 

charges are determined by the extraction and modification methods. These features, as well as 

the dosage, may affect the biocompatibility and toxicity of CNCs, so the case-by-case safety 

studies are required. Moreover, the occupational exposure, in vivo digestion and accumulation, 

and migration from packaging materials also need to be taken into consideration. 
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Connecting Text 

Chapter 2 summarized the recent work on the extraction and modification of CNCs from 

various feedstocks and the food-related applications of CNCs. A new trend to use waste 

biomass as an alternative source of CNCs was pointed out. In chapter 3, the possibility to 

directly extract CNCs from textile waste was explored, and the reinforcing effect of CNCs on 

soy protein isolate (SPI) films was investigated. Firstly, two different methods, namely sulfuric 

acid hydrolysis and three-step oxidization, were used to extract CNCs. Secondly, the 

morphology and structure of CNCs from different extraction methods were characterized and 

compared by transmission electron microscopy, Fourier-transform infrared spectroscopy, and 

X-ray diffraction. Thirdly, the effects of CNCs on the performance of SPI films were studied.  
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Chapter 3. Cellulose Nanocrystals Derived from Textile Waste 

through Acid Hydrolysis and Oxidation as Reinforcing Agent of 

Soy Protein Film  
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3.1. Abstract 

More than 10 million tons of textile waste are disposed through landfill every year in North 

America. The disposal of textile waste via landfill or incineration causes environmental 

problems and represents a waste of useful resources. In this work, we explored the possibility 

to directly extract cellulose nanocrystals (CNCs) from untreated textile waste through two 

methods, namely sulfuric acid hydrolysis and three-step oxidization. CNCs with cellulose Iβ 

crystalline structure and rod-like shape were successfully obtained. The aspect ratios of CNCs 

prepared from acid hydrolysis and oxidization were 10.00 ± 3.39 and 17.10 ± 12.85, 

respectively. Their application as reinforcing agent of soybean protein isolate (SPI) film was 

evaluated. With the addition of 20% CNCs, the composite film maintained the high 

transparency, while their water vapor barrier property, tensile strength, and Young’s modulus 

were significantly improved. This research demonstrates a promising approach to recycle 

textile waste, and more value-added applications based on the derived CNCs could be expected. 

3.2. Introduction 

Today, there is a concern about the rapid increase in textile waste, which leads to numerous 

disposal problems and governance issues [1]. According to the statement of Waste Reduction 

Week in Canada [2], textile waste has shown a dramatic increase in the past two decades, and 

about 10 million tons of clothing are disposed of through landfill every year. It was reported 

that only 20% of post-consumer clothes were recycled, but without appropriate processing [3]. 

Therefore, in one aspect, some efforts, such as implementing circular economy principles, are 

needed to reduce textile waste and achieve sustainable development; on the other hand, it is 
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necessary to find a promising approach to recycle textile waste into valuable products. For 

instance, Çay et al. converted textile waste into biochar by low-temperature carbonization, and 

applied the derived biochar to cotton fabrics, which possessed the odor masking function and 

high thermo-physiological comfort [4]. Besides, Xu et al. derived char-based adsorbents from 

textile waste by a one-step low-temperature pyrolysis approach with iron salts, and the prepared 

adsorbents owned adequate adsorption capacity of Cr(VI) removal [5]. However, more efforts 

are required to promote the recycling of textile waste. 

One of the most consumed fibers in the textile industry is cotton, which contains more than 90% 

of cellulose. Therefore, it was supposed that waste cotton fibers could act as the new source of 

cellulose nanocrystals (CNCs). CNCs have received considerable interest over the past decades 

owing to their unique mechanical properties. They possess high crystallinity and large specific 

surface area [6]. Additionally, CNCs contain abundant hydroxyl groups, contributing to the 

high potential for modifications and applications. CNCs could be extracted from three types of 

raw materials: plant, animal, and microorganism, where sulfuric acid (H2SO4) hydrolysis is the 

most frequently used method [7]. For instance, Favier et al. successfully used acid hydrolysis 

to extract CNCs from tunicate and applied them to reinforce polymer nanocomposites [8]. 

Darpentigny et al. also obtained CNCs with a high aspect ratio of 63 from tunicate by H2SO4 

hydrolysis, and the prepared tunicate CNC-based cryogels presented high mechanical 

resistance and stiffness (Young’s modulus of 138 KPa) [9]. Wood was another common raw 

material of CNCs. The rod-shaped CNCs with 11.4 nm diameter and 153.2 nm length were 

obtained from wood via acid hydrolysis [10]. Furthermore, Ambrosio-Martin et al. obtained 
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CNCs, with a length of around 600 nm and diameter of around 22 nm, from bacteria through 

H2SO4 hydrolysis, which were used to improve the barrier and mechanical properties of 

polylactide (PLA) [11]. Recently, a new trend has been found to prepare CNCs from waste 

materials. For example, Jiang et al. successfully extracted CNCs from wastepaper fibers by 

acid hydrolysis. The obtained CNCs had a rod-like structure with the crystallinity of 77.56% 

[12]. Similar rod-like CNCs were extracted from the disposed paper cup through citric acid 

hydrolysis and were applied to reinforce composite films [13]. 

In addition to acid hydrolysis, oxidation methods have been developed recently, which could 

introduce anionic groups to CNCs for better performance [14–16]. Leung et al. developed an 

approach to prepare carboxylic CNCs using ammonium persulfate as oxidant. The results 

indicated that the presence of carboxylic acid groups on CNC surface provided active sites for 

further modification, such as protein/enzyme immobilization. Additionally, carboxylic CNC 

offered an opportunity for tuning hydrophobicity by conjugation of the carboxyl groups with 

pertinent molecules [17]. TEMPO, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl, is another widely 

used radical for oxidizing CNCs, which could selectively oxidize the primary alcohol groups 

of CNCs into carboxyl groups. For example, Liu et al. used TEMPO-mediated oxidation to 

prepare CNCs with a rod-like morphology (diameter of 2–4 nm and length of 20-50 nm), higher 

surface charge, and better redispersibility [18]. Recently, a three-step oxidation method has 

been developed to introduce more anionic groups for better dispersability and further 

modifications. The first step was performed by periodate oxidation, result ing in partial 2.3-

dialdehyde CNCs. The dialdehyde CNCs were then treated with chlorite oxidation to converse 



67 
 

dialdehyde groups into dicarboxylic groups. The third step was TEMPO oxidation, and the C-

6 hydroxyl groups were oxidized into carboxyl groups [19]. 

It was noticed that Wang et al. reported the extraction of CNCs from waste cotton cloth by a 

series of pre-treatments and a mixed acid solution [20]. However, the application of the 

obtained CNCs has not been evaluated. Therefore, the current work aims to explore the 

possibility to directly extract CNCs from untreated textile waste through two different methods, 

namely sulfuric acid hydrolysis and three-step oxidization. The morphology and structure of 

CNCs were characterized by transmission electron microscopy (TEM), Fourier-transform 

infrared spectroscopy (FT-IR), and X-ray diffraction (XRD). Moreover, soy protein isolate (SPI) 

was selected as the model of biodegradable materials. SPI is the major component of soybean, 

and various applications such as adhesives, plastics, and binders have been suggested in recent 

years. However, SPI-based materials suffer from their poor water resistance and low strength 

[21]. Therefore, the effects of CNCs derived from textile waste on the optical, water vapor 

barrier, and mechanical properties of SPI films were studied. 

3.3. Materials and Methods 

3.3.1. Materials 

Waste cotton clothes were kindly provided by Renaissance (Montreal, QC Canada), and 

soybean protein isolate (SPI) was provided by Cargill (Minneapolis, MN, USA). Hydrogen 

peroxide (H2O2), sodium dihydrogen phosphate (NaH2PO4), and disodium hydrogen phosphate 

(Na2HPO4) were purchased from Fisher Scientific (Ottawa, ON, Canada) and used as received. 

Reagent alcohol (95%) was obtained from the RICCA Chemical company (Arlington, VA, 



68 
 

USA). Sulfuric acid (H2SO4), and sodium periodate (NaIO4), sodium chloride (NaCl), ethylene 

glycol, sodium chlorite (NaClO2), sodium hypochlorite (NaClO), sodium hydroxide (NaOH), 

glycerol, and (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) were purchased from Sigma-

Aldrich (Oakville, ON, Canada) and used without further treatment. 

3.3.2. Extraction of CNCs 

Sulfuric acid hydrolysis. No chemical pretreatment was performed before extraction, and 

CNCs were separated by sulfuric acid hydrolysis as described by Ko et al. [22]. In brief, cotton 

clothes (5.00 g) were mixed with 60 wt % H2SO4 solution (100.00 g) and stirred for 1 h at 

25 °C. Then, the suspension was diluted with 1 L cold water to stop the hydrolysis. CNCs were 

washed three times with distilled water followed by freeze-drying and coded as HCNCs. 

Three-step oxidization. Oxidized CNCs were prepared via a modified method of Yang et al. 

[23]. Firstly, cotton clothes (3.00 g) were added to the solution of 3.33 g NaIO4, 19.50 g NaCl, 

and 300 mL distilled water. The mixture was stirred at 25 °C for 36 h under the prevention of 

light. After that, the reaction was ended by adding ethylene glycol to quench the residual 

periodate, and the oxidized fibers were washed thoroughly with distilled water by filtration. 

Secondly, the oxidized fibers were mixed with 3.56 g NaClO2, 14.60 g NaCl, 3.30 g H2O2, and 

250 mL distilled water, and the mixture was stirred at 25 °C for 24 h. Then, the suspension was 

washed thoroughly with a water–ethanol solution and freeze-dried. Thirdly, 1.00 g of chlorite 

oxidized sample, 0.0016 g of TEMPO, 1.13 g of NaClO2, and 90 mL of phosphate buffer (pH 

6.8) were mixed and stirred in the heated water bath. After the temperature reached 50 °C, 250 

μL NaClO (diluted with 10mL phosphate buffer) was added to the mixture. The translucent 
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suspension was obtained after 48 h, followed by washing with a water-ethanol solution and 

freeze-drying. The resultant sample was coded as TCNCs. The yield (%) of CNCs was 

calculated using a gravimetric method in terms of Equation (1):  

Yield =
𝑤2

𝑤1
                   (1) 

where w2 is the weight of freeze-dried CNCs, and w1 is the weight of cotton clothes [24]. 

3.3.3. Preparation of CNC/SPI Films 

Soy protein isolate (SPI) films containing HCNCs and TCNCs were prepared by the solvent 

casting method [25], as illustrated in Figure 3.1. Briefly, 0.50 g of SPI was dissolved in 15 mL 

distilled water under magnetic stirring at 25 °C. Then, 0.30 g of glycerol (as the plasticizer) 

and 3 mL of NaOH solution (1 wt %) were added to the SPI solution, and the mixture was 

stirred for 15 min at 50 °C. After that, the desired amounts of CNCs (10% and 20% of SPI dry 

weight) were added and stirred overnight. The homogeneous solutions were cast on the plastic 

plate and dried at 25 °C for 24 h. SPI film without the addition of CNCs was prepared as control. 

All the samples were stored in the desiccator (~40% relative humidity (RH)) before further 

measurement [26]. 
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Figure 3.1. Schematic illustration of soy protein isolate (SPI)/cellulose nanocrystal (CNC) 

composite film preparation. 

3.3.4. Characterization 

3.3.4.1. Transmission Electron Microscopy (TEM) 

The morphology of HCNCs and TCNCs was observed on a transmission electron microscope 

(TEM, Morgagni 268, Philips-FEI, Hillsboro, OR, USA) at ×110,000 magnification. A small 

droplet of diluted CNC aqueous suspension was deposited on a polycarbon film supported on 

a copper grid, and a thin layer was suspended over the holes of the grid. The specimen was 

dried in air at ambient pressure, and was then imaged on TEM at an accelerating voltage of 80 
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kV. The dimensions of HCNCs and TCNCs were measured using the ImageJ image analysis 

software, which is developed by the National Institute of Health (version 1.52a, NIH, Bethesda, 

MD, USA). 

3.3.4.2. X-Ray Diffraction (XRD) 

XRD patterns of HCNCs and TCNCs were collected using a Bruker D8 Discover 

diffractometer (Bruker, Billerica, MA, USA) operating at 40 kV and 40 mA, with a VANTEC 

detector and Cu-source. The crystallinity index (CrI) was determined by the peak height 

method [27] in terms of Equation (2): 

CrI =
𝐼(200)−𝐼𝑎𝑚

𝐼(200)
                  (2) 

where I(200) is the maximum diffraction intensity associated with surface areas of crystalline 

cellulose, and Iam is the diffraction intensity of an amorphous cellulose fraction. 

3.3.4.3. Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectra of HCNCs, TCNCs, and SPI/CNC films were obtained using the Varian 

Excalibur 3100 FT-IR spectrometer (Varian, Melbourne, VIC, Australia) equipped with an 

attenuated total reflectance (ATR) accessory (Specac, Orpington, UK). The spectra were 

collected as the average of 64 scans with a resolution of 4 cm-1 and 25 °C, using the empty 

accessory as blank. The measurements were carried out at 400–4000 cm-1 [28]. 

3.3.4.4. Optical Transmittance Spectra 

The optical transmittance of SPI/CNC films (the thickness was about 0.08 mm) was measured 

via a DU 800 UV/vis spectrophotometer (Beckman Coulter, Brea, CA, USA). The spectra were 

recoded with air as background. 
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3.3.4.5. Water Vapor Permeability (WVP) 

A gravimetric method was used to determine the WVP of SPI/CNC films [29]. In brief, 

anhydrous calcium chloride (15 g) was placed at the bottom of a glass jar. After sealing with 

film sample, the jar was placed in a desiccator filled with saturated sodium chloride solution 

(75% RH). The weight of the jar was measured periodically at 25 °C. Then, the WVP of 

SPI/CNC film was determined using Equation (3): 

WVP =
∆𝑚×𝑛

𝐴×𝑡×∆𝑝
                  (3) 

where ∆m is the change in jar weight (g), n is the film thickness (m), A is the exposed area of 

the film (m2), t is the time (s), and ∆p is the partial pressure difference existing between the 

two sides of film sample (Pa). 

3.3.4.6. Mechanical Properties 

The tensile strength, elongation at break, and Young’s modulus of SPI/CNC films were tested 

on an eXpert 8612 biaxial testing machine (ADMET, Norwood, MA, USA) at 25 °C according 

to standard ASTM D882. The dimension of film specimen was 60 mm × 10 mm. The initial 

grip separation distance was set as 20 mm, and the separation speed was 20 mm/min.  

3.3.4.7. Statistical Analysis 

The experimental data were presented as the mean of three batches ± SD (standard deviation) 

[30–32]. Analysis of variance (ANOVA) was applied for the statistical analysis followed by 

multiple comparison tests via Duncan’s multiple-range test, and differences within samples 

were identified at p < 0.05. All analyses were carried out using SPSS statistical software 

(version 24.0, IBM, New York, NY, USA). 
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3.4. Results and Discussion 

The yields of HCNCs and TCNCs were 90.40% and 60.41%, respectively, which were 

comparable to those reported values [23,33–36]. Their morphology was observed by 

transmission electron microscopy (TEM). As shown in Figure 3.2, both of them had a typical 

rod-like shape, indicating the successful preparation of CNCs without any chemical pre-

treatments. Particularly, the length and diameter of HCNCs were around 111.76 ± 38.73 nm 

and 11.18 ± 2.33 nm, and their aspect ratio was 10.00 ± 3.39. The TCNC samples presented a 

slightly shorter and thinner rod-like structure (diameter of 5.69 ± 2.08 and length of 97.25 ± 

25.18, p > 0.05), which might be caused by the harsher reaction conditions during the three-

step oxidation [37]. However, the aspect ratio of TCNCs was relatively higher (17.10 ± 12.85, 

p > 0.05). It was known that the higher aspect ratio of CNCs is conducive to a better reinforcing 

effect, as it increases the interface area and allows a higher load to be transferred within the 

crystal percolating network [38]. The aspect ratio of TCNCs was also higher than that of the 

CNC samples extracted from lettuce leaf [22] and comparable to those from cotton linters [39]. 

Therefore, it was demonstrated that different extraction methods had no significant effect on 

the morphology of CNCs, but contributed to the different aspect ratio values, which might 

affect their reinforcement efficiency in composite films [40]. 
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Figure 3.2. Transmission electron microscopy (TEM) images (×110,000 magnification) of 

HCNCs (a) and TCNCs (b). 

X-ray diffraction was used to evaluate the crystalline type and index of textile waste and CNCs. 

As shown in Figure 3.3, all the samples exhibited the same diffraction peaks at 15.0°, 16.4°, 

and 22.5°, corresponding to the (1ī0), (110), and (200) lattice planes of cellulose I, respectively 

[41]. This indicated that sulfuric acid hydrolysis and three-step oxidation did not alter the 

crystalline structure of cellulose [24]. However, the crystallinity index of TCNCs and HCNCs 

was 89.05% and 89.99%, respectively, which showed a remarkable increase compared with 

that of textile waste (73.42%). This was because the amorphous region of cotton fibers was 

effectively removed during CNC extraction. 
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Figure 3.3. X-ray diffraction (XRD) patterns and crystallinity index (CrI) of textile waste, 

HCNCs, and TCNCs. 

The FT-IR spectra of TCNCs and HCNCs are shown in Figure 3.4 (a). Both of them exhibited 

similar characteristic absorption peaks. For example, the broad peak at 3336 cm -1 was related 

to the stretching vibration of OH groups and the inter-chain hydrogen bonds [42]. The peak at 

2900 cm−1 was attributed to the stretching vibration of C–H, and the peaks at 1427 cm−1, 1371 

cm−1, and 1315 cm−1
 were attributed to the bending of C–H, CH2, and OH, respectively, which 

were typical for polysaccharides. The peak at 1160 cm−1
 was characteristic of the asymmetric 

vibration of (C–O–C), and those at 1055 cm−1 and 1031 cm−1 were associated with C–O–C 

pyranose ring (antisymmetric in phase ring) stretching vibration [43]. The peak at 893 cm−1 

was characteristic of cellulose with β-glycoside bonds of glucose ring [36]. Especially, the 

characteristic peaks of cellulose I appeared at 3290 and 3336 cm−1, and the peak at 1427 cm−1 

is attributable to the crystalline absorption [44]. The absorbance ratio of the bands at 1427 and 

893 cm−1 (A1427/A893), adopted as the crystallinity index, is closely related to the portion of the 
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cellulose I structure [45]. Despite the use of different extraction methods, the ratios of A1427/A893 

were comparable, which indicated the similar crystallinity [46]. This result was in accordance 

with that of the XRD test. It was noticed that the only new peak of TCNCs existed at 1616 

cm−1, which was assigned to the asymmetric vibration of –COO–. This indicated the successful 

extraction of CNCs with carboxyl groups by three-step oxidization [47]. 

 

Figure 3.4. Fourier-transform infrared spectroscopy (FT-IR) spectra of (a) HCNCs and TCNCs, 

and (b) SPI and SPI/CNC films. 

Figure 3.4 (b) displays the FT-IR spectra of SPI and SPI/CNC films. The peak at 2922 cm−1 

was assigned to the C–H stretching, and the characteristic peak of cellulose appeared at 1160 

cm−1. The main characteristic peaks of SPI were illustrated at 1633 cm−1, 1554 cm−1, and 1238 

cm−1, presenting the Amide I (C–O stretching), Amide II (N–H bending), and Amide III (C–H 

and N–H stretching), respectively [48]. It was worth noting that the peaks of Amides I and 

Amide II showed a slight shift in terms of the CNC addition, indicating that there might be 

more exposed polar groups, and the bindings between the peptide chains increased. Li et al. 

suggested that the FT-IR peak shift at 1626 cm−1 and 1537 cm−1 with the addition of CNCs was 
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the result of the molecular hydrogen bonding formed between protein and CNCs. That would 

result in an improvement in the mechanical properties [49]. There was no obvious change in 

the peak at 3275 cm−1. It was likely that some interactions among SPI were disrupted, and new 

bonding formed between SPI and CNCs, which were both reflected in FT-IR intensity [50]. 

Optical transmittance of SPI and SPI/CNC films is presented in Figure 3.5 (a). Evidently, the 

plain SPI film presented the highest transmittance among all the samples. The addition of CNCs 

into SPI film lessened its transparency, which decreased with the increasing amount of CNCs. 

This was because of the scattering or obstruction of light by the dispersed CNCs in SPI film, 

which was consistent with previous reports [51,52]. It was noted that, for the composite films 

containing the same content of CNCs, the transmittance at 600 nm of TCNC-film was higher 

than that of HCNC-film. This might be because of the better dispersion of TCNCs in water 

caused by the negatively charged carboxyl groups. However, despite the decreasing 

transmittance, the printed text under the films was still clearly visible, as shown in Figure 3.5 

(b–f). 
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Figure 3.5. Optical transmittance (a) and photos (b–f) of SPI and SPI/CNC films. 

As depicted in Figure 3.6, the SPI/CNC films had an obviously lower WVP compared with the 

plain SPI film (p < 0.05). With the addition of 10% and 20% TCNCs, the WVP of SPI film 

significantly reduced from 1.62 ± 0.15 × 10−6 g m−1 h−1 Pa−1 to 1.25 ± 0.02 × 10−6 g m−1 h−1 

Pa−1 and 1.16 ± 0.02 × 10−6 g m−1 h−1 Pa−1, respectively. A similar decrease in WVP values was 

also observed for HCNC-films. This indicated that both HCNCs and TCNCs derived from 

textile waste could enhance the water vapor barrier property of SPI film by decreasing the 

pathway of water molecules to transfer through the film [52]. However, the WVP differences 

between films containing 10% and 20% CNCs were not significant (p > 0.05). 
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Figure 3.6. Water vapor permeability (WVP) of SPI and SPI/CNC films. Different letters on 

the tops of the columns indicate significant difference (p < 0.05) in terms of CNC content. 

The mechanical properties of SPI and SPI/CNC films were tested to evaluate the reinforcing 

effects of HCNCs and TCNCs derived from textile waste. As shown in Figure 3.7 (d), all the 

samples exhibited an initial linear elastic behavior followed by continuous growth in the slope 

on account of plastic deformation. After that, there was a plateau until the critical values of 

stress and strain were eventually reached, and the films broke [53]. It was worth noting that the 

addition of CNCs, both HCNCs and TCNCs, made an important contribution to mechanical 

properties. For example, the tensile strength of SPI films containing 10% and 20% HCNCs 

significantly increased from 2.60 ± 0.42 MPa to 4.66 ± 0.26 MPa and 5.39 ± 0.11 MPa, 

respectively. This was because of the addition of rigid rod-like nanofillers in SPI films [21]. 

TCNCs showed an even better reinforcing effect compared with HCNCs. The tensile strength 

and Young’s modulus of TCNC-film-20% were 8.81 ± 0.18 MPa and 4.02 ± 0.34 MPa, which 

were 3.39- and 9.80-fold of those of SPI film (2.60 ± 0.42 MPa and 0.41 ± 0.12 MPa), 
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respectively. This was because of the higher aspect ratio and better dispersion of TCNCs in 

water and SPI film, leading to a faster and uniform diffusion of stress [54]. On the other hand, 

the elongation at break of SPI/CNC films presented a significant decrease with the addition of 

CNCs, because the reinforcement restricted the mobility of protein molecules [55]. It was worth 

noting that the different CNC contents led to a significantly increased tensile strength (p < 0.05), 

but the change in elongation at break was not obvious (p > 0.05). 

 

Figure 3.7. Tensile strength (a), elongation at break (b), Young’s modulus (c), and stress–strain 

curves (d) of SPI and SPI/CNC films. Different letters on the tops of the columns indicate 

significant difference (p < 0.05) in terms of CNC content. 
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Table 3.1. Physical properties of soy protein isolate (SPI) and SPI/cellulose nanocrystal (CNC) 

films. WVP, water vapor permeability. 

Samples 

Tensile 

Strength 

(MPa) 

Elongation at 

Break (%) 

Young’s 

Modulus 

(MPa) 

WVP 

(10-6 g m-1 

h-1 Pa-1) 

Transmittance 

(%, 600 nm) 

SPI film 2.6 ± 0.42 172.15 ± 16.69 0.41 ± 0.12 1.62 ± 0.15 48.7 

HCNC-film-10% 4.66 ± 0.26 95.74 ± 3.93 1.04 ± 0.10 1.35 ± 0.02 40.9 

HCNC-film-20% 5.39 ± 0.11 69.69 ± 4.80 1.12 ± 0.04 1.15 ± 0.11 37.1 

TCNC-film-10% 7.11 ± 0.35 54.06 ± 15.27 1.66 ± 0.09 1.25 ± 0.02 37.0 

TCNC-film-20% 8.81 ± 0.18 25.37 ± 5.77 4.02 ± 0.34 1.15 ± 0.02 34.1 

3.5. Conclusions 

Two kinds of CNCs with different functional groups were successfully extracted from textile 

waste through sulfuric acid hydrolysis and three-step oxidization. TEM and XRD results 

revealed that both HCNCs and TCNCs had the rod-like shape and cellulose I crystalline 

structure, with a high crystallinity index of 89.88% and 89.05%, respectively. A relatively 

higher aspect ratio was observed for TCNCs (17.10 ± 12.85) compared with HCNCs (10.00 ± 

3.39). Those results demonstrated that textile waste materials offer a potential feedstock for the 

extraction of CNCs. Their application in reinforcing SPI film was investigated and summarized 

in Table 3.1. The SPI/CNC films maintained the high transparency with the addition of 20% 

CNCs. Besides, the WVP of HCNC-film-20% and TCNC-film-20% presented a significant 

decrease by around 29%. The mechanical property tests indicated that the tensile strength and 
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Young’s modulus of the composite films were remarkably improved. When adding 20% CNCs, 

the tensile strength of HCNC-film and TCNC-film was 2.07-fold and 3.39-fold higher than that 

of SPI film, and their Young’s modulus showed 1.73-fold and 8.80-fold increases. This work 

reported the possibilities of directly extracting CNCs from textile waste, contributing to solving 

the cellulosic waste disposal problem, and the derived CNCs showed significant potential in 

food packaging application. 
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Connecting Text 

In chapter 3, we demonstrated the possibility of directly extracting CNCs from textile waste 

and their effects on improving the mechanical strength and water vapor barrier property of SPI 

films. Chapter 4 aimed to modify the obtained CNCs and incorporate them into commercial 

plastic films as antibacterial nanofillers. Firstly, CNCs were modified with methacrylamide, 

and the antibacterial capacity of the modified CNCs was assessed. Secondly, the modified 

CNCs were incorporated into cellulose acetate and poly(vinyl chloride) films as antibacterial 

nanofillers. Thirdly, the effects of modified CNCs on the antibacterial, mechanical, and optical 

properties were investigated.  
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Chapter 4. Modification of Cellulose Nanocrystals as 

Antibacterial Nanofillers to Fabricate Rechargeable 

Nanocomposite Films for Active Packaging 
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4.1. Abstract 

Growing food safety concerns have required the development of functional films incorporated 

with antibacterial nanofillers for active packaging, and cellulose nanocrystals (CNCs) are 

promising candidates due to their unique morphology and availability for modification. Herein, 

this study aims to develop an approach to producing functional CNCs that can be easily 

incorporated into commercial plastic films as antibacterial nanofillers for active packaging. 

Particularly, CNCs extracted from cotton textile waste were selected as the model and modified 

with methacrylamide (MAM). Cellulose acetate (CA) and polyvinyl chloride (PVC) were 

chosen as film-forming agents, and the modified CNCs (MAM-CNCs) were incorporated by 

the solution casting method. Addition of MAM-CNCs significantly improved the mechanical 

and UV barrier properties of CA and PVC films. After chlorination, the composite films with 

3% MAM-CNCs exhibited excellent antibacterial efficacy against common foodborne 

pathogens, e.g., higher than 6-log reduction of Staphylococcus aureus and Escherichia coli 

after 1 hour of contact at 37 ℃. Moreover, this antibacterial capacity could be recharged by 

chlorination without affecting the mechanical performance of plastic films. Therefore, this 

work reveals the potential of utilizing modified CNCs to fabricate functional packaging 

materials. 

4.2. Introduction 

To address global climate change and plastic pollution, nanocellulose - the most abundant 

crystalline polysaccharide nanomaterial on Earth - is expected to be used this century to 

fabricate high-tech materials and products because of its CO2-accumulating nature 1. Cellulose 
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nanocrystals (CNCs), usually separated from plants, animals, and bacteria, are one type of 

cellulose nanomaterials and display great properties, such as high crystallinity, nontoxicity, 

biocompatibility, and large specific surface area. In addition, CNCs possess abundant hydroxyl 

groups available for further modification, facilitating various potential applications 2. For 

instance, Yao and colleagues 3 investigated surface modification of CNCs through self-

polymerization of dopamine and their application as reinforcing agents in cellulose acetate (CA) 

membrane. It was found that the modification enhanced the dispersion and interfacial adhesion 

of CNCs, which improved the mechanical properties and filtration and antifouling 

performances of CA films. Wang and Chen 4 reported that the surface-modified CNCs could 

be uniformly dispersed in the electrospun prolamin protein fibers, and a percolating network 

of these rigid nanofillers subsequently formed to facilitate a faster diffusion of stress when the 

modified CNC content reached 3 wt%. Numerous studies used CNCs to reinforce packaging 

materials for the improved mechanical, barrier, and thermal properties 5-7. It will further 

broaden its scope of application if CNC-based nanofillers with multi-functions can be 

developed. 

Contamination of food by bacterial pathogens is one of the biggest concerns in the food 

industry as it can result in serious human illnesses and death 8. Antibacterial packaging has 

become an important strategy in controlling foodborne disease by hindering microbial growth, 

contributing to reducing food contamination and protecting consumer health 9. A convenient 

approach to developing antibacterial packaging is to incorporate active fillers in the polymer 

matrix 10. In this regard, CNC-based nanomaterials could be promising candidates due to their 
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non-fossil-based renewability, biodegradability, and high reactivity for surface modification 11. 

The feasibility of extracting CNCs from cotton waste through sulfuric acid hydrolysis has been 

proved in our previous work, and the obtained CNCs demonstrated a comparable aspect ratio 

to those from cotton linters 12. Therefore, we aimed at selecting CNCs derived from cotton 

waste as a model and modifying them with methacrylamide (MAM) to investigate their 

potential as antibacterial nanofillers in different polymer films in the current study. MAM is a 

precursor of N-halamines, which were used for the modification of cellulose due to their high 

efficacy against various microorganisms and rechargeability 13. CA and poly(vinyl chloride) 

(PVC) were selected as models to make plastic films because the former is one of the most 

widely used cellulose derivative plastics with excellent optical and mechanical properties 14, 

and the latter is a common plastic in the polyethylene “family” that has low cost, easy 

processability, and broad applications 15. The effect of modified CNCs on the mechanical and 

optical properties of CA and PVC films was investigated, and the antibacterial property and 

rechargeability of composite materials were evaluated with two common foodborne pathogens, 

Staphylococcus aureus ATCC 6538 and Escherichia coli K12, as the targets. 

4.3. Materials and Methods 

4.3.1. Materials 

Waste cotton clothes were kindly provided by Renaissance (Montreal, Canada). Sulfuric acid 

(H2SO4, 95.0-98.0%), sodium hydroxide (NaOH, ≥98%), methacrylamide (MAM, 98%), 

sodium persulfate (≥98%), sodium thiosulfate (99%), cellulose acetate (CA, average Mn 

~30,000 by GPC), and dimethylacetamide (DMAc, 99.8%) were purchased from Sigma-
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Aldrich (Oakville, ON, Canada) and used without further treatment. Commercial polyvinyl 

chloride (PVC) films were produced by Polyvinyl Films, Inc. (MA, USA). Luria–Bertani (LB) 

medium was purchased from Becton Dickinson (Franklin Lakes, NJ, USA). Phosphate-

buffered saline (10× PBS) was obtained from VWR International (Mississauga, ON, Canada). 

4.3.2. Extraction and modification of CNCs 

CNCs were extracted from cotton textile waste by sulfuric acid hydrolysis according to our 

previous work 12. Briefly, 5.00 g of cotton clothes were mixed with 100.00 g H2SO4 solution 

(60 wt%) and stirred for 1 hour at room temperature. Then, 1 L cold water was added to stop 

the hydrolysis process. CNCs were washed until pH 6 and coded as HCNCs. For the 

modification, 1.80 g NaOH was added in 50.00 g of HCNC suspension (10 wt%) under stirring. 

Then, 5.00 g MAM and 0.03 g sodium persulfate were added and stirred until MAM and 

sodium persulfate were completely dissolved. The reaction was conducted at 65 ℃ for 5 hours. 

After that, the product was washed with distilled water to remove unreacted MAM and sodium 

persulfate and named as MAM-CNCs. 

4.3.3. Preparation of composite films 

CA and PVC films with the addition of MAM-CNCs were prepared by solvent casting method. 

CA and MAM-CNCs were added in acetic acid aqueous solution (85 wt%) and stirred at room 

temperature for 24 hours, while PVC and MAM-CNCs were dispersed in DMAc overnight. 

The resultant suspensions were filled into the mold and dried at 180 ℃ for 2 hours. The 

composite films were coded as Neat CA, CA-1% MAM-CNC, CA-3% MAM-CNC, CA-5% 

MAM-CNC, Neat PVC, PVC-1% MAM-CNC, PVC-3% MAM-CNC, and PVC-5% MAM-
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CNC, corresponding to the MAM modified CNC content (based on the dry plastic content) of 

0, 1, 3, and 5 wt %, respectively. 

4.3.4. Characterizations 

4.3.4.1. X-ray diffraction (XRD) 

XRD patterns of HCNCs and MAM-CNCs were obtained using an Empyrean 3 (Malvern 

Panalytical Ltd., UK) X-ray diffractometer in a Bragg Brentano configuration, with Cu Kα 

radiation between 4° and 40°. The crystallinity index (CrI) was determined by the peak height 

method 16 in terms of Equation (1): 

𝐶𝑟𝐼 (%) =
𝐼(200)−𝐼𝑎𝑚

𝐼(200)
× 100%           Equation (1) 

where I(200) is the diffraction intensity of the (200) crystallographic plane at around 2θ = 22.5°, 

and Iam is the diffraction intensity of the amorphous fraction at approximately 2θ = 18.5°. 

4.3.4.2. Fourier-transform infrared (FT-IR) spectroscopy 

FT-IR spectra of HCNCs, MAM-CNCs, and composite films were obtained by using a Varian 

Excalibur 3100 FT-IR spectrometer (Varian, Melbourne, Australia) equipped with an 

attenuated total reflectance (ATR) accessory (Specac, UK). The spectra were collected as the 

average of 72 scans with a resolution of 2 cm-1, using the empty accessory as blank. Spectral 

collection was carried out at 650-4000 cm-1. 

4.3.4.3. 13C solid-state nuclear magnetic resonance (NMR) spectroscopy  

The solid-state NMR spectra of HCNCs and MAM-CNCs were collected by a Varian VNMRS 

(now Agilent, Santa Clara, CA, USA) spectrometer operating at 399.9 MHz for 1H and 100.5 

MHz for 13C using a 7.5 mm Varian Chemagnetics double-resonance probe. The sample was 



96 
 

spun at 3 kHz, and TOSS was used to suppress spinning sidebands. The number of scans was 

12288, and the recycle delay was 4 s. The cross-polarization technique with a contact time of 

2 ms was applied to record the spectra, and the spectra were referenced using the carbonyl 

signal of glycine at 176.4 ppm. 

Furthermore, NMR spectra were used to evaluate the degree of crystallinity of the HCNCs and 

MAM-CNCs. The crystallinity index was calculated by Equation (2) 17: 

𝐶𝑟𝐼 (%) =
𝐴𝑐

𝐴𝑐+𝐴𝑎
× 100%           Equation (2) 

where Ac and Aa represented the fitted signal intensity of crystalline and amorphous regions, 

respectively. 

4.3.4.4. Mechanical properties 

The mechanical properties of composite films were tested using an eXpert 7601 Single Column 

testing machine (ADMIT, USA) at 25 ℃ according to standard ASTM D882. The initial grip 

separation distance was set as 20 mm, and the separation speed was 20 mm/min. The dimension 

of film specimens was 60 mm × 10 mm (length × width), with the thicknesses of about 0.2 mm 

for CA films and 0.1 mm for PVC films. The thickness of the films was measured by a 

Traceable digital caliper (Fisher Scientific, ON, Canada). 

4.3.4.5. Optical transmittance 

The optical transmittance of composite films was measured using a DU 800 UV-Vis 

spectrophotometer (Beckman Coulter, USA) in the wavelength range of 200-800 nm. The 

spectra were recorded with air as background. The blocking percentages for UVB (280–315 

nm) and UVA (315-400 nm) were calculated by Equations (3) and (4), respectively 18: 
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𝑈𝑉𝐵 𝑏𝑙𝑜𝑐𝑘𝑖𝑛𝑔 (%) = 100 −
∑ 𝑇𝜆

315 𝑛𝑚

280 𝑛𝑚 ×∆𝜆

∑ ∆𝜆315 𝑛𝑚
280 𝑛𝑚

       Equation (3) 

𝑈𝑉𝐴 𝑏𝑙𝑜𝑐𝑘𝑖𝑛𝑔 (%) = 100 −
∑ 𝑇𝜆

400 𝑛𝑚
315 𝑛𝑚 ×∆𝜆

∑ ∆𝜆400 𝑛𝑚
315 𝑛𝑚

        Equation (4) 

where Tλ is the average spectral transmittance of the films, ∆λ is the measured wavelength 

interval (nm), and λ is the wavelength. 

4.3.4.6. Water vapor permeability (WVP) 

WVP of composite films was evaluated by the gravimetric method according to Zhang and 

others 19. Films were sealed on a glass jar containing anhydrous calcium chloride. Then, the 

jars were placed in a desiccator filled with distilled water at 25 ℃. The weight of the jars was 

measured periodically. WVP value was calculated using Equation (5):  

𝑊𝑉𝑃 =
∆𝑚×𝑛

𝐴×𝑡×∆𝑝
              Equation (5) 

where ∆m is the change in jar weight (g), n is the film thickness (m), A is the exposed area of 

the film (m2), t is the time (hour), and ∆p is the partial pressure difference existed between the 

two sides of film sample (Pa). 

4.3.4.7. Antibacterial test 

MAM-modified CNCs and composite films were endowed with antibacterial property by 

chlorination and coded as MAM-CNC-Cl, CA-MAM-CNC-Cl, and PVC-MAM-CNC-Cl. In 

brief, the samples were chlorinated by soaking in a 5% sodium hypochlorite solution at pH 7 

and stirred at room temperature for 2 hours. After that, the chlorine-charged samples were 

washed thoroughly with distilled water to remove the unbonded chlorine. The chlorine content 

of MAM-CNC-Cl was determined by iodometric titration 20. 

The antibacterial activities were evaluated by using S. aureus ATCC 6538 and E. coli K12 as 
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the model microbes to separately represent Gram-positive and Gram-negative bacteria. Both 

bacterial strains were preserved at -80 °C in LB broth containing 20% glycerol (v/v). For 

routine cultivation, S. aureus and E. coli were grown on LB agar plates at 37 °C in an aerobic 

condition. Overnight bacterial culture was prepared by cultivating S. aureus and E. coli 

individually in 4 mL of LB broth at 37 °C with constant shaking to achieve a concentration of 

ca. 8 log. Then, the bacterial inoculums were prepared by diluting the overnight culture with 

PBS to a certain concentration for further experiment. 

The antibacterial efficacy of HCNCs, HCNC after chlorination (HCNC-Cl), MAM-CNCs (as 

control), and MAM-CNC-Cl was evaluated by mixing 20 mL of CNC suspension and 200 μL 

of bacterial inoculum to a final concentration of 105 CFU/mL 21. The mixture was incubated 

for 1 hour with constant shaking, and then 500 μL of the upper suspension was added to a 

sterile glass tube containing 4.0 mL of PBS and 500 μL of sterile sodium thiosulfate. Then, the 

mixed solution was vortexed and serially diluted. Addition of sodium thiosulfate did not affect 

bacterial cell viability (data not shown). Finally, 10 μL of the diluted solution was transferred 

to LB agar plate. After 24 hours of incubation at 37 ℃, the number of colonies on the plate was 

enumerated to calculate the log reduction. 

The effect of composite films against S. aureus and E. coli was tested by following the modified 

AATCC test method 100 22, where neat CA and PVC films (without any CNCs), neat films 

treated with the same chlorination procedure, and films with MAM-CNCs served as control 

groups. Briefly, 20 μL of bacterial suspension (~106
 CFU/mL) was added onto the surface of 

the film (2 cm × 2 cm) and then covered with another film to enable sufficient contact. After 1 
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hour contact, 4 mL of sterile sodium thiosulfate was added and vortexed for 2 min to rinse off 

bacteria. The rinsing solution was then serially diluted for the aforementioned plating assay.  

The zone of inhibition was evaluated using the disc diffusion method 23. S. aureus and E. coli 

were grown in LB broth for 16 hours and adjusted to 108 CFU/mL; then a sterile swab was 

used to evenly spread the bacterial suspension on the surface of the LBA plate. The film 

specimens (diameter of 6 mm) with or without MAM-CNCs were placed over the surface of 

the inoculated plate. The plates were incubated at 37 ℃ for 24 hours, and the bacterial 

inhibition zone was measured to evaluate the antibacterial activity of the prepared films.  

4.3.4.8. Rechargeability 

To evaluate the rechargeability, selected composite films (CA-3% MAM-CNC and PVC-3% 

MAM-CNC) were first chlorinated for 2 hours and then fully quenched with sodium thiosulfate 

solution. The films were recharged by chlorination for 2 hours, and the antibacterial activity 

and mechanical performance were measured as described above. 

4.3.5. Statistical analysis 

All experiments were carried out in triplicate and reported as mean ± SD (standard deviation). 

One-way analysis of variance (ANOVA) was applied to statistical analysis, followed by LSD 

post-hoc analysis at the confidence level of 0.05. All of the analyses were carried out by using 

IBM SPSS Statistics 26 software. 
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4.4. Results and Discussion 

4.4.1. Structure of modified CNCs 

 

Figure 4.1. XRD patterns and crystallinity index (a) and FT-IR spectra (b) of HCNCs and 

MAM-CNCs. 

The structure of CNCs before and after MAM modification was studied. Figure 4.1 (a) presents 

the XRD patterns and crystallinity of HCNCs and MAM-CNCs. It was obvious that two 

diffraction patterns were quite similar with three peaks at 14.6°, 16.4°, and 22.5°, 

corresponding to the (1ī0), (110), and (200) crystallographic planes of cellulose Iβ 24. Both 

HCNCs and MAM-CNCs had a high crystallinity index (CrI) of 89% and 88%, respectively. 

The results suggested that the chemical modification had little effect on the crystalline structure 

of CNCs derived from cotton waste. As shown in Figure 4.1 (b), FT-IR spectra of HCNCs and 

MAM-CNCs exhibited analogous characteristic peaks of cellulose. Specifically, in the region 

of 3600-3000 cm-1, there was a broad band due to stretching vibration of O-H and inter-chain 

hydrogen bonds. A broad absorption band around 2900 cm -1 was assigned to the stretching 

vibration of the aliphatic C-H bond. Besides, the typical bands of cellulose were observed: C-

H bending at 1427 cm-1, CH2 bending at 1371 cm-1, O-H bending at 1315 cm-1, asymmetric 
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vibration of C-O-C at 1160 cm-1, and C-O-C pyranose ring stretching vibration at 1055 cm-1 

and 1031 cm-1
. The band at 893 cm-1 was associated with cellulose with β-glycoside bonds of 

the glucose ring, also known as the amorphous absorption band. The absorbance ratio of the 

bands at 1427 and 893 cm-1 for HCNCs and MAM-CNCs, regarded as empirical crystallinity 

index, were comparable, suggesting similar crystallinity 25. The typical stretching vibrations of 

N-H and C-N in modified CNCs at around 3376 and 1401 cm-1 overlapped with the 

characteristic bands of cellulose 26, but the appearance of the band at 1643 cm-1 was attributed 

to the stretching vibration of amide carbonyl C=O bond. Besides, the C=C bond of MAM 

monomer was opened after modification, leading to the disappearance of the band at 1600 cm -

1 27.  
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Figure 4.2. 13C solid-state NMR spectra (a-c) and molecular structures (d) of HCNCs and 

MAM-CNCs. 

13C solid-state NMR spectra were acquired to further explain the chemical modification of 

CNCs. As shown in Figure 4.2 (a, b), both spectra display the typical peaks of cellulose in the 

range of 110-60 ppm, which were assigned to the carbons in anhydroglucose units 28. In detail, 

the signals at 110-100 ppm were attributed to C-1, and the features between 68 and 80 ppm 

were assigned to C-2, C-3, and C-5 collectively. The peaks centered at 91-80 ppm were 

assigned to C-4, representing the β-(1-4) linkage. C-4 peak exhibited a doublet at 89 and 84 

ppm, attributing to the crystalline and amorphous regions, respectively. The chemical shift 

ranging 68-60 ppm corresponded to C-6 atom, and C-6 resonance for the crystalline and 
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amorphous regions was at 65 and 63 ppm. Both HCNCs and MAM-CNCs spectra presented 

doublets at C-1, C-4, and C-6, corresponding to NMR resonance peaks of cellulose Ⅰβ 

crystalline structure 29. Although the CrI values were much lower than those obtained from 

XRD data, they showed a similar trend that the CrI of HCNCs and MAM-CNCs were quite 

similar (64.61 and 63.21%). The result was coincided with the study conducted by Agarwal 

and coauthors 17 and could be attributed to the differences in the principle of measurement and 

analysis approach 30. As shown in Figure 4.2 (c), the new peak at 177 ppm was attributed to 

the carbonyl carbons (C-10), and the broad peak at around 40 ppm was assigned to the 

methylene and methyl carbons (C-7, 8, 9) 31. Moreover, the absence of the peaks at 122 and 

138 ppm was related to the opening of C=C bond of MAM monomer. Similar FTIR and NMR 

results have been reported, which could confirm the successful modification of HCNCs with 

MAM 26,20, 32, 33.  
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4.4.2. Structure and properties of composite films 

 

Figure 4.3. FT-IR spectra (a, b) and stress-strain curves (c, d) of the composite films. 

The chemical structure of CA-based and PVC-based composite films was analyzed by FT-IR 

spectroscopy. As shown in Figure 4.3 (a, b), all CA films displayed the same characteristic 

peaks at 3486, 2950, 2882, 1735, and 1365 cm-1, which were ascribed to O-H stretching, 

aliphatic C-H asymmetric, C=O stretching, and CH2 scissoring, respectively 34. The two peaks 

at 1213 and 1028 cm-1
 corresponded to the asymmetric and symmetric stretching of C-O-C 

bonds, respectively 35. The spectra of MAM-CNCs overlapped with those of CA so that no 

additional peaks could be observed 36. Neat PVC showed characteristic peaks at 2919 cm -1 for 

C-H stretching, 1425 cm-1 for CH2-Cl angular deformation, 1332 cm-1 for CH2 angular 



105 
 

deformation, 1252 cm-1 for Cl-CH out of plane angular deformation, 956 cm-1 for out-of-plane 

trans deformation, and 833 cm-1 for C-Cl bond stretching 37. The sharp peak at 1734 cm-1 was 

attributed to the additives of the commercial PVC film 38. The addition of MAM-CNCs was 

confirmed by the typical peaks at 1055 cm-1 and 1031 cm-1 for C-O-C pyranose ring stretching 

vibration.  

The effect of MAM-CNCs on the mechanical properties of CA and PVC films was analyzed. 

It was evident in Figure 4.3 (c) that the CA films followed brittle fracture 39. Increasing loading 

of MAM-CNCs resulted in the improvement of tensile strength and elongation at break. For 

example, the tensile strength and elongation of CA-5% MAM-CNCs were 24.07 ± 0.96 MPa 

and 5.78 ± 1.80% in comparison with 17.87 ± 0.84 MPa and 2.58 ± 0.95% for the neat CA film, 

which were significantly increased by 35 and 124%, respectively. This might be explained by 

the good dispersion of nanofillers and interfacial adhesion between the modified nanocellulose 

and CA. Similar effects were observed in other CNC reinforced CA composite films 34, 40. The 

adjusted hydrophobicity of modified CNCs and the similar chemical structure of modified 

CNCs and CA enabled the good interfacial compatibility 34, 41, contributing to the effective 

stress transfer at the interface and delaying the stretching failure 42, 43.PVC films displayed a 

typical ductile curve characterized by a plastic deformation region 44. As listed in Table 4.1, 

addition of MAM-CNCs significantly improved the tensile strength but reduced the elongation. 

This result was in agreement with the previous reports 45, 46. The presence of MAM-CNCs 

could reduce the PVC chain mobility and prevent from uncoiling, making the composite films 

less stretchable 45. 
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Figure 4.4. Optical transmittance spectra (a, b), UV blocking percentages (c, d), and 

photographs (e, f) of CA-based and PVC-based films. 

High transparency and UV shielding capacity of the composite films are desirable 

characteristics in the food packing and medical industries. Figure 4.4 (a, b) displays the UV-

vis transmittance spectra of CA-based and PVC-based films containing different MAM-CNCs 

contents. Both neat CA and neat PVC films exhibited limited UV blocking capacity, although 
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they possessed a high visible light transmittance of ~90%. Addition of MAM-CNCs reduced 

the UV-vis light transmittance of the films. Particularly, the CA-3% MAM-CNCs exhibited the 

reduction of 57.00 and 35.61% in UVB and UVA transmittance compared to the neat CA film, 

and the increase of 44.33 and 28.54% in UVB and UVA blocking capacities was observed in 

PVC-1% MAM-CNCs. These results were mainly attributed to the conjugated bond of the 

modified CNCs, which exhibited a strong absorption effect on ultraviolet radiation 47. For both 

CA and PVC composite films, the transmittance of visible light at 600 nm decreased. 

Nonetheless, the digital images of CA-5% MAM-CNCs and PVC-5% MAM-CNCs in Figure 

4.4 (e, f) were visually uniform, and the letters under the films were still visible.  Therefore, 

incorporation of MAM-CNCs in packaging materials prevents the damage caused by UV light 

and displays the products in the package. 

WVP is another important feature of packaging materials since the presence of water is crucial 

to microbial growth and chemical reactions. The WVP values of CA-MAM-CNCs and PVC-

MAM-CNCs films are summarized in Table 4.1. A relatively low content of MAM-CNCs (1%) 

did not change the WVP values too much, but a further increase (3 and 5%) of nanofillers 

significantly reduced the permeability. For example, neat CA and PVC films had the WVP 

values of 6.72 ± 0.83×10-7 g m-1h-1Pa-1 and 3.86 ± 0.23×10-7 g m-1h-1Pa-1, respectively, which 

decreased to 4.24 ± 0.43×10-7 and 2.27 ± 0.23×10-7 g m-1h-1Pa-1 when the content of MAM-

CNCs was 5%. This could be attributed to the incorporated nanofillers in the film matrices, 

making the tortuous pathway for hindering the permeation of water molecules 48, 49.  
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Table 4.1. Physical properties of CA-based films and PVC-based films. Means within a column 

with different letters were significantly different (p < 0.05) within the same sample groups.  

Samples 

Tensile 

strength 

(MPa) 

Elongation at 

break (%) 

WVP 

(10
-7 
g m

-1
h
-1
Pa

-1
) 

Neat CA 17.87±0.84
b
 2.58%±0.95

b
 6.72±0.83

a
 

CA-1% MAM-CNC 22.79±0.04
a
 3.18%±0.18

a, b
 5.45±0.79

a, b
 

CA-3% MAM-CNC 23.58±0.45
a
 5.58%±0.88

a, b
 4.54±1.87

b
 

CA-5% MAM-CNC 24.07±0.96
a
 5.78%±1.80

a
 4.24±0.43

b
 

Neat PVC 14.01±0.67
b
 157.28%±25.50

a
 3.86±0.23

a
 

PVC-1% MAM-CNC 14.33±1.18
b
 95.25%±11.06

b
 3.41±0.23

a, b
 

PVC-3% MAM-CNC 19.15±3.48
a
 84.57%±16.70

b
 2.73±0.45

b, c
 

PVC-5% MAM-CNC 19.91±1.22
a
 76.16%±11.62

b
 2.27±0.23

c
 



109 
 

4.4.3. Antibacterial properties of modified CNCs and composite films 

 

Figure 4.5. Antibacterial efficiency of HCNCs, HCNC-Cl, MAM-CNCs, and MAM-CNC-Cl 

against S. aureus and E. coli. Statistical significance (p < 0.05) between different CNC samples 

was indicated by different letters. 

 

Figure 4.6. Images of inhibition zone against S. aureus (a) and E. coli (b) observed after 24 

hours of incubation with CA films (left) and PVC films (right).  
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Figure 4.7. Antibacterial efficiency of CA films (a) and PVC films (b) with different treatments 

against S. aureus and E. coli after 1 hour incubation. Different letters on the tops of the columns 

indicate significant differences (p < 0.05) within the same sample groups. Photos of S. aureus 

and E. coli colonies grew on LBA plates upon 1 hour exposure to CA films (c) and PVC films 

(d). 
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HCNCs and MAM-CNCs before and after chlorination were incubated with S. aureus and E. 

coli at the concentration of ~105 CFU/mL. As shown in Figure 4.5, the control groups, 

including HCNCs, HCNC-Cl, and MAM-CNCs, didn’t have any obvious effects on the growth 

of S. aureus and E. coli. In contrast, MAM-CNC-Cl with 0.04% oxidative chlorine could 

completely inactivate 5.50 log of S. aureus and 5.33 log of E. coli within 1 hour of contact. The 

excellent antibacterial efficacy of MAM-CNC-Cl was related to the transformation from N-H 

to N-Cl after chlorination, and the oxidative chlorine could transfer to the surface of the 

microbes, rupture their cell structure, and inactivate the cells 50.  

The antibacterial activity of composite films was first investigated by the qualitative inhibition 

zone test through the disk diffusion method. After 24 hours of incubation, no inhibition zone 

could be seen even for the composite films after chlorination (Figure 4.6). Generally, the 

inhibition zone appears around the test product if the antimicrobial agent leaches into the agar 

and then inhibits bacterial proliferation 51. This observation indicated that no or minimal release 

of modified CNCs occurred into the nutrient agar. Compared to our previously reported 

photobactericidal CNC nanofillers that were modified by rose Bengal and obviously diffused 

from the materials to the culture media 52, the limited migration of MAM-CNC nanofillers is 

important to ensure food safety when they are applied in primary food packaging 53. Therefore, 

plate assay was performed where both S. aureus and E. coli were incubated on the surface of 

the composite films, and the neat films were used as control samples. As shown in Figure 4.7, 

neither the neat polymer films with/without chlorination nor the MAM-CNC films without 

chlorination treatment caused any significant reduction (p > 0.05) of both bacterial strains. As 
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shown in Figure 4.7 (a, c), there was even no significant effect on CA-1% MAM-CNC-Cl films 

after the 1 hour exposure, but a significant reduction was observed after these two bacterial 

strains were exposed to chlorine-charged CA-3% MAM-CNC and CA-5% MAM-CNC films. 

Specifically, 6.29 log reduction for S. aureus and 6.37 log reduction for E. coli were identified 

for the treatment of CA-3% MAM-CNC-Cl and CA-5% MAM-CNC-Cl. With only 1% MAM-

CNC, the PVC composite film after chlorination could reduce 6.37 log of S. aureus and 6.44 

log of E. coli. The excellent antibacterial efficacy was mainly due to the introduction of active 

chlorine on the chlorinated MAM-CNC, which could deactivate bacteria upon contact 54. This 

bactericidal effect was also better than those of rose Bengal modified CNCs 52, CNCs grafted 

with 3-pentadecylphenol 55, and bacteriocin immobilized CNCs 56. These results indicated that 

the MAM-CNCs are promising antibacterial nanofillers for different polymeric materials.  

4.4.4. Rechargeability of composite films 

Benefiting from the incorporated N-halamine structure, the antibacterial activity of composite 

films could be easily regenerated. CA-3% MAM-CNC and PVC-3% MAM-CNC were selected 

as the model samples to investigate the effect of recharge on antibacterial and mechanical 

properties. The films were chlorinated for 2 hours and then completely quenched with 

thiosulfate solution. Afterward, the films were recharged with oxidative chlorine again. As 

shown in Table 4.2, the recharged films could still reduce 6.39 log of S. aureus reduction and 

6.38 log of E. coli upon 1 hour contact. At the same time, the tensile strength and elongation 

of recharged films presented no significant changes (p > 0.05) in comparison to those of CA-

3% MAM-CNC and PVC-3% MAM-CNC films. The rechargeability is one of the unique 
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characteristics that distinguish the N-halamine modified cellulose nanofillers from other CNC 

modifications, such as quaternary ammonium compounds, aminoalkyl, aldehyde, and 

bacteriophage‑modified cellulose nanostructures 53, and it will benefit the reuse of antibacterial 

packaging materials and reduce the cost and waste. 

Table 4.2. Antibacterial and mechanical properties of CA-3% MAM-CNC-Cl, recharged CA-

3% MAM-CNC-Cl, PVC-3% MAM-CNC-Cl, and recharged PVC-3% MAM-CNC-Cl. Two-

tailed Student's t-test was performed within the same sample groups. 

Samples 

Log reduction Tensile 

strength 

(MPa) 

Elongation 

at break (%) S. aureus 1 E. coli 2 

CA-3% MAM-CNC-Cl 6.29±0.05 6.37±0.26 23.58±0.45 5.58±0.88 

Recharged CA-3% MAM-CNC-Cl 6.39±0.06 6.38±0.06 23.22±1.94 4.93±0.61 

PVC-3% MAM-CNC-Cl 6.37±0.03 6.44±0.06 19.15±3.48 84.57±16.70 

Recharged PVC-3% MAM-CNC-Cl 6.39±0.06 6.38±0.06 16.01±0.73 78.68±29.31 

1, 2 inoculum concentrations around 106 CFU/mL 

4.5. Conclusions 

In this study, CNCs were successfully modified with N-halamine and applied as antibacterial 

nanofillers for CA and PVC films. The modification was verified by FT-IR and solid-state 

NMR. After chlorination, MAM-CNC-Cl showed a high antibacterial efficacy (99.999%) 

against both S. aureus and E. coli. With the addition of 5%-MAM-CNCs, CA and PVC films 

exhibited the improved UVB and UVA blocking capacity (37-58% and 47-50%), significantly 
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reduced WVP values (-37 and -41%), and dramatically increased tensile strength (34 and 42%), 

while retaining the acceptable transparency. More importantly, the incorporated MAM-CNCs 

hardly leach out from the plastic films, and the nanocomposite films with limited amounts of 

MAM-CNC (3% for CA and 1% for PVC) could result in the complete inactivation of S. aureus 

and E. coli at a concentration of 106 CFU/mL after 1 hour contact. This antibacterial activity 

could be fully recharged by chlorination without affecting the mechanical performance of the 

nanocomposite films. Therefore, this work demonstrates the promising applications of CNC-

based functional nanofillers in active packaging. 
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Connecting Text 

In the previous chapter, CNCs obtained from textile waste were modified with N-halamine and 

applied as antibacterial nanofillers for cellulose acetate and poly(vinyl chloride) films. Chapter 

5 aimed to investigate the effects of different antibacterial modifications of CNCs on the 

performance of active compostable packaging materials. The PLA films were selected as a 

model, and CNCs were modified with methacrylamide, quaternary ammonium salt, and zinc 

oxide, respectively. The effects of three different modified CNCs on antibacterial activity, 

mechanical properties, gas barrier property, and compost disintegrability of PLA films were 

compared. 
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5.1. Abstract 

Increasing concerns about food safety and the environment have facilitated the development of 

eco-friendly antibacterial packaging. This study aimed to demonstrate a facile way to fabricate 

active packaging materials with modified cellulose nanocrystals (CNCs) and compare the 

effects of different modified CNCs on the performance of compostable materials. Polylactic 

acid (PLA) film was selected as a model, and CNCs were modified with methacrylamide, 

cetyltrimethylammonium bromide, and zinc oxide, respectively, and then applied on the 

surface of PLA films by spray-coating. All modified CNCs showed excellent antibacterial 

activity against S. aureus and E. coli (>99.999%). The effects of different CNC modifications 

on the performance of PLA films were investigated. Compared to neat PLA films, PLA/CNC 

films exhibited improved mechanical strength with maintained flexibility, lower gas 

permeability, and faster compost disintegration rate, and extended the shelf life of wrapped 

pork samples from 3 days to more than 10 days. Therefore, this work will also facilitate the 

applications of PLA materials in eco-friendly packaging. 

5.2. Introduction 

Foodborne diseases are global public health concerns that cause considerable socioeconomic 

implications. In fact, the problem is caused by consuming food contaminated with 

microorganisms or chemical substances that result in over 200 diseases (Gao et al., 2022). 

According to the estimation of the World Health Organization, foodborne diseases lead to over 

420,000 deaths annually, with 40% being children under five (WHO, 2020). Among the 

solutions to reduce foodborne diseases, antibacterial packaging is an important approach to 
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controlling foodborne pathogens during transportation and storage. At the same time, the 

increasing environmental concerns about non-degradable plastics bring awareness of “green” 

packaging materials. Numerous research efforts have been made to promote the applications 

of biodegradable polymers, which include polysaccharides, proteins of animal or plant origin, 

lipids, and polyesters from microbial sources (Fonseca-García et al., 2021; Omerović et al., 

2021). Among them, polylactic acid (PLA) has been reported as a promising candidate to 

replace the fossil-based plastic, due to its renewability, biodegradability, facial processing, and 

biocompatibility (Ma et al., 2022; Shojaeiarani et al., 2022). PLA has the largest market share 

in the biodegradable plastic field, estimated for a market of $6.5 billion by 2025 (Shojaeiarani 

et al, 2020). Various PLA based antimicrobial packaging materials have been developed by the 

incorporation of functional agents such as metal oxide (Zhang et al., 2021), lignin (Cerro et al., 

2021), chitosan (Kongkaoroptham et al., 2021), and essential oil (Fiore et al, 2021). For 

instance, Jiang et al. (Jiang et al., 2022) prepared antibacterial membranes based on PLA, 

polybutylene adipate terephthalate, carboxymethyl cellulose, and silver, which showed the 

effective antibacterial property against Staphylococcus aureus (S. aureus) and Escherichia coli 

(E. coli). However, the poor mechanical and barrier properties of PLA films limited their 

applications in food packaging due to the low crystallinity of PLA (Beauson et al., 2022; 

Sharafi et al., 2022).  

Cellulose nanocrystals (CNCs) have received noticeable attention owing to their unique 

morphology, high mechanical strength, and broad functionalization capacities (Huang et al., 

2020). Numerous studies focused on the reinforcing effects of CNCs on the mechanical 
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properties of packaging films (Niinivaara et al., 2021; Rojas-Lema et al., 2021; Salmieri et al., 

2014a, 2014b). To further broaden the application scope of CNCs, recent research investigated 

the modifications of CNCs with multifunctions and applied them as functional nanofillers of 

packaging materials. For example, Koshani et al. (Koshani et al., 2021) synthesized the 

antibacterial hairy CNCs with the conjugated photosensitizer rose bengal, which could 

inactivate over 80% of both Listeria monocytogenes and Salmonella enterica serotype 

Typhimurium upon normal light irradiation. Shin et al. (Shin et al., 2022) prepared the 

functionalized CNCs by grafting 3-pentadecylphenol that showed the antibacterial property of 

99.99% against E. coli. However, these nanofillers needed to be incorporated when the 

packaging materials were formed, and the effects of different modified CNCs on compostable 

packaging have been seldom compared. 

Packaging materials based on biopolymers will help reduce the negative effect on the 

environment, while the antibacterial property can better protect food products and decrease 

food waste. In this study, we hypothesized that (i) a sprayed coating of modified CNCs could 

improve the performance of PLA films, and (ii) the effects were related to the different 

modifications of CNCs. CNCs derived from waste textile were selected as a model and 

modified with N-halamine (methacrylamide, MAM), quaternary ammonium salt (CTAB), and 

metal oxide (ZnO), respectively. The modified CNCs were spray-coated on the surface of PLA 

films, and their effects on the properties (antibacterial activity, mechanical properties, gas 

barrier properties, and compost disintegrability) of PLA films were investigated. Moreover, the 

preservation of pork loin with CNC-coated or uncoated PLA films was monitored. 
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5.3. Materials and Methods 

5.3.1. Materials 

Waste cotton clothes were kindly provided by Renaissance (Montreal, QC, Canada). CNCs 

were directly extracted from textile waste by using sulfuric acid hydrolysis, according to our 

previous work (Huang et al., 2020). Cetyltrimethylammonium bromide (CTAB, ≥98%), zinc 

acetate dihydrate (>95%), sodium hydroxide (NaOH, ≥97.0%), methacrylamide (MAM, 98%), 

sodium persulfate (≥98%), sodium thiosulfate anhydrous (≥98%), tetrahydrofuran 

(THF, >95%), and glacial acetic acid (≥99.7% w/w) were purchased from Fisher Scientific 

(Ottawa, ON, Canada) and used without further treatment. Pellet PLA (Ingeo 4043D 

grade, >98%, density of 1.24 g/cc) was purchased from NatureWorks (Minnetonka, MN, USA). 

Luria–Bertani (LB) medium and tryptic soy agar (TSA) were purchased from Becton, 

Dickinson and Company (Franklin Lakes, NJ, USA), and phosphate-buffered saline (10× PBS) 

was obtained from VWR International (Mississauga, ON, Canada). 

5.3.2. Modification of CNCs 

MAM-modified CNCs were prepared according to the method reported by Liu et al. (Liu et al., 

2017) with some modifications. The desired amount of NaOH was added into 50.00 g of CNC 

aqueous suspension (10 wt%), and then 5.00 g MAM and 0.03 g sodium persulfate were added 

and stirred at room temperature for 20 min. The reaction was conducted at 65 ℃ (in a water 

bath) for 5 hours. After that, the product was washed with distilled water to remove unreacted 

MAM and sodium persulfate and coded as MAM-CNCs. 

The preparation of CTAB-modified CNCs was carried out according to the method described 
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by Ranjbar et al. (Ranjbar et al., 2020). Briefly, 40.00 g of CNC aqueous suspension (5 wt%) 

was slowly added to 20.00 g of CTAB solution (5 wt%). The mixture was stirred at room 

temperature for 2 hours. Then, the modified CNCs were washed with distilled water to remove 

the unbounded CTAB and coded as CTAB-CNCs. 

The zinc oxide-modified CNCs were synthesized by using zinc acetate as the zinc precursor 

and NaOH as a reducing agent, according to a previous report (Badawy et al., 2021) with some 

modifications. In brief, zinc acetate solution (50.00 g, 10 wt%) was mixed with CNC aqueous 

suspension (50.00 g, 2.5 wt%) and stirred at 80 ℃ for 1 hour. Then, NaOH solution (50 mL, 

0.1 mol/L) was added dropwise to the mixture, and the suspension showed a milky color. The 

reaction continued at 80 ℃ for 2 hours under stirring. The obtained samples were well-washed 

with distilled water and coded as ZnO-CNCs. 

5.3.3. Preparation of PLA/CNC composite films 

PLA films were prepared by dissolving 0.8 g PLA pellets in 10 mL THF, and the solution was 

filled into a glass mold and dried at 25 ℃ for 12 hours. After washing with distilled water, the 

modified CNCs were centrifugated (7000 g, 30 min, Eppendorf centrifuge 5430, NRW, 

Germany), dispersed in acetic acid (2 w/v%), and then sprayed on the surface of PLA films 

(length × width × thickness: 8 cm × 6 cm × 0.15 mm). The PLA/CNC composite films were 

dried in the fume hood for 24 hours and coded as PLA-CC4, PLA-CC8, PLA-ZC4, PLA-ZC8, 

PLA-MC4, and PLA-MC8, corresponding to the CTAB-CNCs, ZnO-CNCs, and MAM-CNCs 

contents (based on the dry weight of PLA) of 4 and 8 wt%, respectively. The films were stored 

at 25 ℃ and 50% relative humidity for 3 days prior to analysis. 
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5.3.4. Characterizations 

5.3.4.1. Fourier-transform infrared (FTIR) spectroscopy 

FTIR spectra of modified CNCs and PLA/CNC composite films were obtained by using a Cary 

630 FTIR spectrometer with an attenuated total reflectance sampling module (Agilent 

technologies, Inc., USA). The spectra were collected in the range of 4000-650 cm-1 as the 

average of 64 scans with a resolution of 2 cm-1, using the empty accessory as blank. 

5.3.4.2. X-ray diffraction (XRD) 

XRD patterns of pristine and modified CNCs were obtained using an Empyrean 3 (Malvern 

Panalytical Ltd., UK) X-ray diffractometer in a Bragg Brentano configuration, with Cu Kα 

radiation between 4° and 80°. The crystallinity index (CrI) was determined by the peak height 

method (Park et al., 2010) in terms of Equation (1): 

𝐶𝑟𝐼 (%) =
𝐼(200)−𝐼𝑎𝑚

𝐼(200)
× 100%            Equation (1) 

where I(200) is the maximum diffraction intensity associated with surface areas of crystalline 

cellulose, and Iam is the diffraction intensity of an amorphous cellulose fraction. 

5.3.4.3. UV-vis spectroscopy 

UV-vis spectra of pristine CNC and ZnO-CNC suspensions were collected on a DU 800 UV-

Vis spectrophotometer (Beckman Coulter, USA) in the wavelength range of 200-400 nm 

against distilled water as blank. 

5.3.4.4. Zeta potential measurement 

The surface charge of pristine and modified CNCs was measured using the NanoBrook Omni 

zeta potential analyzer (Brookhaven Instruments Corporation, USA). Triplicate measurements 
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were taken at 25 ℃ after the samples were conditioned for 300 seconds. 

5.3.4.5. Transmission electron microscopy (TEM) 

The morphology of modified CNCs was observed using the Talos F200X G2 TEM (Thermo 

Fisher Scientific, USA). A tiny drop of diluted CNC suspension was deposited on a carbon-

coated copper grid. After air drying at room temperature, the sample was imaged on TEM at a 

voltage of 200 kV. 

5.3.4.6. Scanning electron microscopy (SEM) 

The surface morphology of PLA/CNC composite films was observed by Hitachi TM1000 SEM 

(NJ, USA), operating at an acceleration voltage of 4 kV. The film samples were sputtered with 

4 nm gold-platinum prior to observation and photographing. 

5.3.4.7. Antibacterial test 

Two strains were used for the antibacterial testing, namely S. aureus ATCC 6538 (Gram-

positive) and E. coli K12 (Gram-negative). Each strain was prepared from -80 °C 20% glycerol 

stock and streaked for isolation on LB agar plates. The plates were incubated at 37 °C overnight, 

and isolated colonies were picked for inoculation of 4 mL LB broth at 37 °C with constant 

shaking. After 16 hours, a concentration of ca. 8 log for each bacterial culture was achieved, 

and the bacterial inoculums were prepared by diluting the culture with PBS to a certain 

concentration for further experiments. 

The antibacterial efficacy of modified CNCs was evaluated by mixing 20 mL of CNC 

suspension and 200 μL of bacterial inoculum to a final concentration of 105 CFU/mL (Tang et 

al., 2020). The mixture was incubated for 1 hour with constant shaking, and then the upper 
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suspension was used for serial dilution using PBS. After that, the diluted solution was spread 

onto the surface of LB agar plate and incubated at 37 °C for 24 hours. The colonies on the plate 

were enumerated to calculate the log reduction. 

The antibacterial activity of PLA/CNC composite films against S. aureus and E. coli was 

analyzed by a modified AATCC 100 test method (Xu et al., 2021). The composite films with a 

thickness of 0.15 mm were cut into 2 cm × 2 cm. Then, 20 μL of bacterial suspension (~106
 

CFU/mL) was sandwiched between two films to enable sufficient contact. After 1 hour of 

contact, 4 mL of sterile sodium thiosulfate was added and vortexed to rinse off bacteria. The 

rinsing solution was serially diluted for the plating assay. 

The zone of inhibition was measured using the disc diffusion method (Zhang et al., 2021). S. 

aureus and E. coli suspensions with a concentration of around 108 CFU/mL were evenly spread 

on the LB agar plates, and the composite films (diameter of 6 mm) were placed over the surface 

of the inoculated plate. The plates were incubated at 37 ℃ for 24 hours, and the bacterial 

inhibition zone was measured. 

5.3.4.8. Mechanical properties 

The mechanical properties of PLA/CNC composite films were tested using an eXpert 7601 

single column testing machine (ADMIT, USA) at 25 ℃ according to the standard ASTM D882. 

The dimension of film specimens was 60 mm × 10 mm × 0.15 mm (length × width × thickness). 

The initial grip separation distance was set as 20 mm, and the separation speed was 20 mm/min. 

The thickness of the films was measured by a Traceable digital caliper (Fisher Scientific, ON, 

Canada). 
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5.3.4.9. Gas barrier properties 

Water vapor permeability (WVP) was determined using a water vapor permeability tester 

(model 3/61, Mocon, Inc., USA) at 37 ℃ and 90% relative humidity (RH). WVP values were 

calculated using Equation (2) (Zhou et al., 2022): 

𝑊𝑉𝑃 =
𝑊𝑉𝑇𝑅×𝑛

∆𝑝
               Equation (2) 

where n is the film thickness (m), and ∆p is the partial pressure difference across the films (Pa). 

The oxygen transmission rate (OTR) of PLA/CNC composite films was determined at 23 ℃ 

and 0% RH using an oxygen permeability tester (model 2/22, Mocon, Inc., USA). 

5.3.4.10. Water contact angle 

The water contact angle was tested by a contact angle meter (Future digital scientific, Co. USA) 

using the sessile drop method. The water droplet (5 μL) was placed on the film surface, and the 

image was immediately captured and analyzed with the goniometer at room temperature. Each 

measurement was performed on a different spot of the film, and the results were based on the 

average of three measurements. 

5.3.4.11. Disintegration under composting conditions 

The disintegration performance of PLA/CNC composite films was tested following the ISO-

20200 standard (ISO, 2015). Briefly, solid synthetic waste was prepared by mixing 40% 

sawdust, 30% rabbit feed, 10% ripe compost, 10% corn starch, 5% saccharose, 4% corn oil, 

and 1% urea together. After that, the dry waste was mixed with water in 45:55 ratio. The 

composite films were cut into 25 mm × 25 mm and buried at 6 cm depth in composting reactor 

containing synthetic wet waste. The reactor was then put in an air-circulation oven at 58 ± 2 ℃, 
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and water was added periodically to maintain the humidity in the compost. The films were 

recovered from the reactor at different times (3, 7, 10, and 14 days), dried, and weighed. The 

weight loss of the films was calculated using Equation (3) (Cerro et al., 2021): 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
𝑚𝑖 −𝑚𝑑

𝑚𝑖
× 100%          Equation (3) 

where mi and md were the initial dry mass and residue dry mass of tested samples, respectively. 

5.3.4.12. Meat preservation test 

Pork loin was selected as a food model and purchased from a local market. The pork was cut 

into 1 cm × 1 cm × 1 cm portions and randomly divided into five groups. The test groups were 

packaged with PLA/CNC composite films, and the control groups were either unpackaged or 

wrapped with neat PLA films. The samples were placed on the trays and stored at 4 ℃. The 

total viable count (TVC) values were determined at 0, 1, 3, 5, 7, and 10 days of storage 

according to the method reported by Zhong et al. (Zhong et al., 2021). Briefly, the pork samples 

were transferred aseptically to a stomacher bag and added with PBS solution. The mixture was 

homogenized for 2 minutes using a lab stomacher blender (Seward, UK). Then, serial dilutions 

were prepared with PBS, spread on TSA plates, and incubated at 37 ℃ for 48 hours. The 

experiments were performed in triplicate, and the results of TVC were reported as CFU/g.  

5.3.5. Statistical analysis 

The experiments were carried out in triplicate, and data were presented as the mean ± standard 

deviation. The statistical analysis of the data was carried out through a one-way analysis of 

variance (ANOVA) using IBM SPSS Statistics 26 software, and the differences between means 

were analyzed by LSD post-hoc analysis at the confidence level of 0.05. 
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5.4. Results and Discussion 

5.4.1. Structure of modified CNCs 

 

Figure 5.1. (a) Illustration, (b) FTIR spectra, (c) XRD patterns, (d) UV-vis spectra, and (e) zeta 

potential of pristine and modified CNCs. 
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Figure 5.2. TEM images of (a) MAM-CNCs, (b) CTAB-CNCs, and (c) ZnO-CNCs. 

Figure 5.1 (a) illustrates the different modified CNCs, and their chemical structures were 

analyzed by FTIR (Figure 5.1 (b)). The FTIR spectrum of unmodified CNCs showed the 

characteristic peaks at 3338 cm-1, 2893 cm-1, 1427 cm-1, 1371 cm-1, 1315 cm-1, 1160 cm-1, 1055 

cm-1, 1031 cm-1, and 893 cm-1, corresponding to O-H stretching, C-H stretching, C-H bending, 

CH2 bending, O-H bending, asymmetric vibration of C-O-C, pyranose ring stretching, and β-

glycoside bonds of the glucose ring, respectively. After the modification with MAM, the FTIR 

spectrum of MAM-CNCs showed a significant new peak at 1643 cm -1 assigned to amide 

carbonyl C=O bond. Besides, the peak at 1600 cm-1 attributed to C=C bond of MAM was not 

observed in MAM-CNCs, indicating that the residue of unreacted MAM monomer was 

removed from the product. Proof of the successful modification of MAM onto CNCs was 

interpreted in comparison with the previous report (Rosace et al., 2017). Compared to original 

CNCs, only slight changes of FTIR spectrum were observed for CTAB-CNCs. Strong C-H 

stretching at 2984 cm-1 and 2900 cm-1, corresponding to the long-chain alkyl group of CTAB, 

suggested the presence of CTAB on CNCs and the absence of direct chemical bonding (Ranjbar 

et al., 2020). For ZnO-CNCs, no changes were found in the FTIR spectrum (Sharma et al., 

2019), but a new and strong characteristic peak at 365 nm appeared in the UV-vis spectrum 



137 
 

(Figure 5.1 (d)), ascribed to the basic bandgap absorption of ZnO (Xiao et al., 2020). It has 

been reported that hydrogen bonds and electrostatic attraction are two potential interactions 

between CNCs and ZnO (Fu et al., 2015; Sharma et al., 2019; Zhao et al., 2017). The XRD 

patterns of pristine and modified CNCs are shown in Figure 5.1 (c). All the samples exhibited 

similar diffraction peaks at 14.6° (1ī0), 16.4° (110), and 22.5° (200), ascribed to cellulose Iβ 

crystal structure (Duarte Urueña et al., 2021). ZnO-CNCs also showed the peaks at 31.8°, 34.5°, 

36.2°, 47.8°, 56.5°, 62.8°, and 68.0°, corresponding to (100), (002), (101), (102), (110), (103), 

and (112) of the ZnO crystal structure, respectively (Elfeky et al., 2020). The surface charges 

of the modified CNCs are shown in Figure 5.1 (e). The original CNCs had a zeta potential value 

of around -23 mV, which was similar to the samples from sago frond wastes prepared by 

sulfuric acid hydrolysis (Arnata et al., 2020; Asadi et al., 2021). After surface modification, 

MAM-CNCs showed similar surface charges with CNCs. The electrostatic interaction between 

CTAB and CNCs resulted in the reduced negative charges of CNCs (Baggio et al., 2022), while 

ZnO-CNCs had the least charges due to the attracted ZnO (Badawy et al., 2021; Guan et al., 

2019). Figure 5.2 shows the morphologies of modified CNCs, which had a typical rod-like 

shape with an average length of 158 nm and a diameter of 10 nm, without obvious aggregation 

(Badawy et al., 2021; Gahrooee et al., 2021; Li et al., 2020). The particle size of ZnO in Figure 

5.2 (c) was 36±16 nm, which was similar to the reported ones (Elfeky et al., 2020; Lizundia et 

al., 2018).  
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5.4.2. Antibacterial activity 

 

Figure 5.3. Antibacterial efficiency of pristine and modified CNCs against S. aureus and E. 

coli. Statistical significance (p < 0.05) between different CNC samples was indicated by 

different letters. 

The pristine and modified CNCs were cultivated with Gram-positive (S. aureus) and Gram-

negative (E. coli) bacteria to evaluate their antibacterial activity. For MAM-CNCs, chlorination 

treatment with sodium hydrochloride was conducted to convert the N-H bond to oxidative 

chlorine, which activated the antibacterial capacity of MAM-CNCs (Chang et al., 2018). In 

contrast, ZnO-CNCs and CTAB-CNCs did not require any pre-treatment. As shown in Figure 

5.3, the original CNCs did not exhibit any effect against both S. aureus (-0.31 log) and E. coli 

(0.09 log), which was consistent with a previous report (Zhou et al., 2022). At the same time, 

significant antibacterial efficiency (p < 0.05) was observed in all modified CNC samples, 

with >99.999% reduction for both strains. After the chlorination treatment, MAM-CNCs could 

generate active chlorine that transferred to cell membranes and resulted in cell death (Kong et 
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al., 2019). CTAB-CNCs could change the bacterial membrane permeability or bacterial surface 

electrostatic balance after contact, ultimately leading to cell death (Xie et al., 2011). As for 

ZnO-CNCs, several probable routes have been proposed to explain their bactericidal 

mechanism. The released ion mediated killing was one of the possible mechanisms, where the 

released Zn2+ entered the bacterial cells, leading to inhibited DNA replication. ZnO might also 

attach and induce deformation of the bacterial cell wall (Ahmad, 2021; Roy & Rhim, 2019; 

Zhang et al., 2021). 

  

Figure 5.4. (a, b) Antibacterial activity and (c, d) images of inhibition zone of PLA/CNC 

composite films against S. aureus and E. coli. Means with different letters on the column top 

were significantly different (p < 0.05). 
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As shown in Figure 5.4 (a, b), the control groups, including neat PLA film, neat PLA films 

treated with acetate acid, PLA film with pristine CNC coating, and PLA film with MAM-CNC 

coating (without chlorination), did not show any antibacterial activity against either S. aureus 

or E. coli. On the contrary, all the antibacterial CNC coatings exhibited obvious effects, 

depending on the types of bacteria and CNC modifications, as well as the amount of CNC 

derivatives. Particularly, PLA-CC composite films displayed an increasing log reduction of S. 

aureus from 2.14 to 6.29 with increasing CNC contents, while PLA-MC showed high 

antibacterial efficiency against S. aureus even with low coating mass. However, the 

antibacterial activity of PLA-ZC for S. aureus was not as high as the other two coatings. In the 

case of E. coli, all three CNC coatings showed significant antibacterial efficiencies (>99.9999%) 

upon 1 hour of contact. It meant that CTAB-CNC and ZnO-CNC coatings had a stronger 

influence upon the Gram-negative bacteria than the Gram-positive strains, and the chlorinated 

MAM-CNCs showed excellent antibacterial activity for both types of bacteria. Similar results 

have reported that E. coli was less resistant to the antibacterial agents (e.g., ZnO nanoparticles) 

than the Gram-positive bacteria (Shankar et al., 2018; Zhang et al., 2017). In one aspect, the 

Gram-positive S. aureus consists of a thicker cell wall than that of the Gram-negative E. coli; 

in another aspect, the Gram-positive bacteria could form aggregates to protect the internal cells 

from the antibacterial agents (Pantani et al., 2013). Based on the antibacterial efficiencies, 

PLA-CC8, PLA-ZC8, and PLA-MC8 were selected for the following tests. The inhibition 

zones of neat and coated PLA films are shown in Figure 5.4 (c, d). No obvious inhibition zone 

was observed in neat PLA, PLA-CC8, and PLA-MC8 films for both S. aureus and E. coli, 
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suggesting little or no release of the antibacterial agents from the coatings to the agar plates. 

On the contrary, PLA-ZC8 films exhibited similar inhibition rings (~10 mm) against S. aureus 

and E. coli, which was due to the release of ZnO and/or Zn2+ ions (Pantani et al., 2013; Wahid 

et al., 2019).  

5.4.3. Structure of PLA/CNC composite films 

 

Figure 5.5. SEM images (a-d) and FTIR spectra (e) of neat and coated PLA films. 

The surface morphology of neat and coated PLA films was observed by SEM. Figure 5.5 (a) 

displays the smooth and homogeneous surface of neat PLA without cracks or holes. The 

addition of coating solutions (acetic acid) resulted in the eroded surfaces, and the modified 

CNCs were combined with the polymeric matrix. It explained the little or no release of CNCs 

from the films to the agar plates. FTIR analysis of the composite films was carried out to study 

the molecular structures. As shown in Figure 5.5, the peaks of neat PLA film at 2994 cm-1 and 

2943 cm-1 were associated with the C-H asymmetric and symmetric stretching in -CH3 groups. 

The peak at 1743 cm-1 corresponded to the C=O stretching vibration of the ester groups. The 

peaks between 1450 cm-1 and 1357 cm-1 represented asymmetric and symmetric bending of C-

H bond in the methyl groups, while the peaks at 1178 cm -1 and 1077 cm-1 were related to the 
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C-O-C symmetric and asymmetric stretching (Doganay et al., 2016). With the addition of CNC 

coatings, no new characteristic peaks or obvious shift of peaks were observed. It indicated that 

no new covalent bonds were formed after the incorporation of modified CNCs. 

5.4.4. Mechanical and barrier properties of PLA/CNC composite films 

 

Figure 5.6. (a) Stress-stain curves, (b) tensile strength, (c) elongation at break, and (d) Young’s 

modulus of neat and coated PLA films. Means with different letters on the column top were 

significantly different (p < 0.05). 

Mechanical properties of neat and coated PLA films were measured, and the representative 

stress-strain curves are shown in Figure 5.6 (a). Their thicknesses did not have any significant 

difference, and all the films exhibited similar curves, beginning with elastic deformation and 

following by plastic deformation. Obvious yielding points were observed, which define the 
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limitation of the elastic behavior and the beginning of the plastic behavior (Beauson et al., 

2022). For the neat PLA films, the stress at the yielding point was ~10 MPa and the films 

fractured at the strain of ~400%. For all types of coated PLA films, an increase in yield strength 

was clearly observed (20-30 MPa), suggesting their improved resistance to loading before 

permanent deformation (Aghajani et al., 2018). Figure 5.6 (b-d) shows the variations of tensile 

strength, elongation at break, and Young’s modulus of PLA films with different CNC coatings. 

All the coatings significantly increased the Young’s modulus, and PLA-CC8 and PLA-MC8 

had an improved tensile strength, but only PLA-CC8 could maintain the ductility of the neat 

PLA films. The increase in mechanical strength could be explained that the surface coating 

well combined with the polymeric matrix and acted as a scaffold (Gulzar et al., 2022). The 

retained ductility of PLA-CC8 might be attributed to the good interfacial compatibility, which 

contributed to effective stress transfer and delaying the stretching failure (Dehnad et al., 2014; 

Jin et al., 2020). 

 

Figure 5.7. (a) WVP, (b) OTR, and (c) water contact angle of neat and coated PLA films. Means 

with different letters on the top of the columns were significantly different (p < 0.05). 

The water vapor and oxygen barrier properties of neat and coated PLA films are important to 

their potential applications in packaging. As shown in Figure 5.7 (a, b), the neat PLA film had 

an average WVP value of 1.06×10-7 g m-1h-1Pa-1 and OTR value of 211.72 cc m-2day-1, while 
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the permeability of PLA/CNC composite films significantly (p < 0.05) decreased. Particularly, 

PLA-CC8 showed the lowest WVP and OTR values of 5.22×10-8 g m-1h-1Pa-1and 64.34 cc m-

2day-1, respectively. It was because the modified CNCs tightly combined with PLA after 

solution coating and formed a dense layer on the surface of the films (Zhou et al., 2021). These 

values were relatively lower than those reported previously; for example, the WVP value of 

PLA/ZnO composite films was around 7×10-8 g m-1h-1Pa-1 (Shankar et al., 2018), and the 

poly(ethylene furanoate)/PLA films had an OTR value of 144 cc m-2day-1 (Fredi et al., 2022). 

Figure 5.7 (c) shows the water contact angle of neat and coated PLA films. As expected, the 

neat PLA film had a hydrophilic surface with a contact angle of around 74.2° (Vilarinho et al., 

2021). A slight increase (p > 0.05) in contact angle of PLA-ZC8 was observed, which might be 

due to the hydrophobic nature of ZnO (Roy & Rhim, 2019). The surface hydrophobicity of 

PLA-CC8 and PLA-MC8 films was significantly higher than that of the neat PLA film. It could 

be explained by the existence of long carbon chains on the modified CNCs (Ly & Mekonnen, 

2020).  
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5.4.5. Compost disintegrability 

 

Figure 5.8. (a) Photos and (b) weight loss of neat and coated PLA films after incubating under 

composting conditions.  

PLA films hold great potential for “green” packaging materials because of  their degradable 

character under specific conditions (Rojas et al., 2021). In this regard, the effect of CNC 
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coatings on the disintegrability of PLA films under composting conditions was investigated. 

As shown in Figure 5.8 (a), no particular alterations were observed after 3 days for all the 

samples. The PLA/CNC composite films became opaque, and the fragmentation started after 7 

days. Compared to neat PLA film, the fragmentation of CNC coated PLA films was more 

obvious on day 10 and day 14. The weight loss showed a similar trend (Figure 5.8 (b)). All the 

films exhibited a gradual increase in weight loss under composting conditions. Especially af ter 

14 days, the weight loss of PLA-ZC8, PLA-MC8, and PLA-CC8 films was about 51.88%, 

26.12%, and 16.38%, respectively, against 11.34% for the neat PLA film. To be noted, only a 

few tiny fragments were recovered on day 22, so it was difficult to weigh and calculate the 

weight loss. The results revealed a faster disintegration rate of PLA/CNC composite films, and 

it was consistent with reported results that CNCs acted as a source of energy and carbon and 

facilitated the initiation of disintegration (Degli-Innocenti, 2021; Lizundia et al., 2018; Sun et 

al., 2022).  

5.4.6. Preservation of pork 

 

Figure 5.9. Total viable counts of pork samples during storage at 4 ℃. 
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Pork is a commonly consumed red meat worldwide, containing rich sources of certain protein, 

vitamins, and minerals. However, cross-contamination happens frequently during the 

production. Herein, pork was chosen as a model for evaluating the packaging performance. 

The initial TVC value of 4.50 log CFU/g in the raw pork was similar to a reported value (Vargas 

Romero et al., 2021). As shown in Figure 5.9, the total viable population of the microorganism 

in pork samples (unpackaged and wrapped with neat PLA film) rapidly increased during the 

storage period. The permissible limit of the overall microorganism in fresh meat should be less 

than 5×106 CFU/g, as regulated by European Commission No. 2073/2005 (Commission, 2005). 

Therefore, both the control sample and neat PLA group exceeded the limit after 3 days of cold 

storage (about 6.39 and 6.98 log CFU/g). It was worth noting that all PLA/CNC composite film 

wrapped pork samples had delayed bacteria growth, and their TVC values were lower than 

5×106 CFU/g after storage at 4 ℃ for 10 days. No significant difference was observed among 

the three coatings, which indicated the sufficient antibacterial activity of all these modified 

CNCs for extended shelf life of fresh pork.  

5.5. Conclusions 

This work demonstrated a convenient method to fabricate compostable packaging films with 

antibacterial activity. The effects of sprayed coatings of three types of modified CNCs (CTAB-

CNCs, ZnO-CNCs, and MAM-CNCs) on the structure and properties of PLA films were 

revealed. Especially, ZnO-CNC coated PLA films exhibited prominent disintegration behavior. 

After incubating under composting conditions for 14 days, a weight loss of 51.88% was 

recorded, which was over 5 times higher than the neat PLA film. CTAB-CNC coating 
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significantly increased the tensile strength and Young’s modulus without affecting the ductility, 

and at the same time, showed the improvement of 51% and 70% in water vapor and oxygen 

barrier properties, respectively. MAM-CNC coated PLA films had the most effective 

antibacterial capacity against both Gram-positive and Gram-negative bacteria. With a small 

amount of coating, PLA-MC4 films could inactivate >99.9999% of S. aureus and E. coli upon 

1 hour of contact. After all, three PLA/CNC composite films could significantly extend the 

shelf life of wrapped pork from 3 days to more than 10 days. Further investigations are expected 

to ensure that the biocompatibility inherent to PLA films is retained after coating. Hopefully, 

this strategy of spray coating with modified CNCs could be applied in other plastic and paper-

based packaging materials.  
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Connecting Text 

Chapter 5 demonstrated the feasibility of the spray-coating method to fabricate compostable 

packaging films with antibacterial activity. However, the antibacterial capacity fully relied on 

the chemical modifications of CNCs. In chapter 6, we developed the mechano-bactericidal 

surfaces with cellulose materials without introducing any chemical antibacterial agents for 

enhanced sustainability and safety. The bactericidal materials were constructed by directly 

depositing CNCs on the surface of regenerated cellulose films, and the mechano-bactericidal 

effects of different CNC coatings and surface topography towards four types of bacteria were 

investigated.  

  



159 
 

 

 

 

 

 

 

 

Chapter 6. Mechano-Bactericidal Surface Developed from 

Cellulose Nanocrystals and Regenerated Cellulose Films as 

Sustainable Active Packaging 
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6.1. Abstract 

Nature offers much inspiration in the quest for antibacterial surfaces. In this work, the 

bioinspired antibacterial materials were developed by depositing cellulose nanocrystals (CNCs) 

on the surface of regenerated cellulose (RC) films with the assistance of vacuum filtration. The 

shorter CNCs (HCNCs) from textile waste and the longer CNCs (t-CNCs) from tunicate 

cellulose were selected, and the effects of CNC dimensions and surface topography on the 

antibacterial activity were investigated via plate assay against four types of bacteria. The results 

demonstrated that all the RC/CNC films could eliminate over 80% of bacteria upon 3-minute 

contact. Compared to RC/HCNCs, RC/t-CNCs were relatively more effective in killing the 

bacteria due to their larger aspect ratio. Additionally, the compressed RC/CNC surface lost its 

antibacterial activity as the surface roughness decreased. However, the morphologies and 

biochemical structures of the bacterial cells didn’t show any obvious changes before and after 

3-minute treatment. Overall, this study provides guidance to the development of CNC-enabled 

mechano-bactericidal surfaces with potential applications in sustainable active packaging. 

6.2. Introduction 

Naturally occurring materials offer unique nanostructure that is antimicrobial, which inspired 

the quest for antibacterial surfaces. For instance, cicada, dragonfly, and damselfly are well -

known winged insects possessing various nanotextured structures (e.g., nanopillars, nanospikes, 

and nanoneedles) on their wings with contact-killing ability (Chopra, Gulati, & Ivanovski, 

2021). Dehghani et al. (Dehghani et al., 2021) demonstrated the mechano-killing properties of 

Psalmocharias cicada wings with 60% bactericidal activity against Pseudomonas aeruginosa. 
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Paikra & Mishra (Paikra & Mishra, 2021) revealed that dragonfly wings exhibited natural 

bactericidal efficiency against Bacillus subtilis and Pseudomonas aeruginosa. The antibacterial 

activity was found related to the height, width, and sharpness of the nanostructure, which would 

generate mechanical stress on the bacterial cells.  

Nowadays, several methods have been explored to fabricate bioinspired nanostructures for 

achieving antibacterial efficacy, such as metal-assisted chemical etching, hydrothermal 

synthesis, nanoimprint lithography, and electrochemical anodization (Chopra et al., 2021). 

Currently, inorganic materials (e.g., metals, glass, and alloys) are the main substrates to 

fabricate nanopillars towards antibacterial functions (Maleki, Mirzaali, Guagliano, & 

Bagherifard, 2021; Zhao et al., 2021). For example, Michalska et al. (Michalska et al., 2021) 

used the regenerative secondary mask lithography method to enable customized glass 

nanopillars, which were capable of killing S. aureus with 81% efficiency. However, more 

efforts are required to develop a simple method for constructing bioinspired antibacterial 

surfaces with sustainable materials.  

As the most abundant renewable biopolymer on Earth, cellulosic materials have triggered 

considerable research interest over the past few decades. Compared to metal and petroleum-

based nanomaterials, nanocellulose is much less expensive (approximately US$20 per dry 

kilogram of nanocellulose), suggesting an economic advantage (Li et al., 2021). In addition to 

their wide availability and low cost, nanocellulose-based materials can be biodegraded in soil 

and ocean, which can address environmental concerns (Tu, Zhu, Duan, & Zhang, 2021). On 

account of these advantages, nanocellulosic materials have been employed in widespread 
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applications, such as packaging, bioplastics, and lightweight structural materials (Ferreira, 

Rezende, & Cranston, 2021; Huang & Wang, 2022; Lee et al., 2021). For example, 

nanocellulosic materials could be used to fabricate cellulose/graphene nanocomposites, 

cellulosic membranes, and chemically functionalized nanocellulose for the removal of 

pesticides from water (Rana, Mishra, Gupta, & Thakur, 2021).  

The increased public awareness of food safety and environmental concerns have facilitated the 

development of sustainable materials with bactericidal behavior. Hence, we aimed to develop 

mechano-bactericidal materials with all-cellulose materials without introducing any chemical 

antibacterial agents for enhanced sustainability and safety. Our previous work has proved the 

potential of constructing the mechano-bactericidal structure by depositing cellulose 

nanocrystals (CNCs) on the surface of regenerated cellulose (RC) films with the assistance of 

vacuum filtration (Zhou, Girouard, O'Brien, Ronholm, & Wang, 2022). This work aimed to 

investigate the effects of CNC dimension and surface topography on antibacterial efficiency. 

Particularly, CNCs from waste textile and tunicate cellulose were selected as the short and long 

CNC models, respectively, and RC films were prepared from the same waste textile. 

6.3. Materials and Methods 

6.3.1. Materials 

The waste textile was kindly provided by Renaissance (Montreal, QC, Canada). Sulfuric acid 

(H2SO4, 95.0-98.0%), sodium hydroxide (NaOH, ≥98%), sodium chlorite (NaClO2, 80%), 

glutaraldehyde solution (25% in H2O), and poly-lysine solution (1.0 mg/mL) were purchased 

from Sigma-Aldrich (Oakville, ON, Canada). Luria–Bertani (LB) medium, tryptic soy broth 
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(TSB), and tryptic soy agar (TSA) were purchased from Becton, Dickinson and Company 

(Franklin Lakes, NJ, USA), and phosphate-buffered saline (10× PBS) was obtained from VWR 

International (Mississauga, ON, Canada). 

6.3.2. Fabrication of antibacterial surfaces 

The antibacterial surfaces were fabricated using all-cellulose materials. RC films were prepared 

according to our previous method (Zhou & Wang, 2021). The waste textile was pretreated in 

20% (w/v) H2SO4 at 25 ℃ for 72 hours. After washing and drying, 1.00 g of pretreated fabrics 

was added into 50 mL 64% (w/v) H2SO4 solution that was pre-cooled to -20 °C and then stirred 

at 750 rpm for 8 minutes. The solutions were centrifuged to remove bubbles and poured onto 

a glass plate, followed by coagulation in 10% (w/v) NaOH for 15 minutes. The RC films were 

washed with running water before depositing CNCs on the surface. Extraction of t-CNCs from 

tunicate powder followed the method of Dunlop et al. with some modifications (Dunlop et al., 

2020). Briefly, 2.50 g of tunicate powder were mixed with 50 mL 64 wt% H2SO4 and stirred at 

45 ℃ for 2 hours. The hydrolysis was stopped by adding cool distilled water. Then 0.09 g 

NaClO2 was added and stirred for 1 hour, and t-CNCs were obtained after washing with 

distilled water and dialysis for 3 days. HCNCs were extracted from the same textile waste by 

sulfuric acid hydrolysis as previously mentioned (Huang, Tao, Ismail, & Wang, 2020). These 

two types of CNCs (3% of RC film dry weight) were deposited on the RC films with the 

assistance of vacuum filtration, and the obtained films were coded as RC/t-CNCs and 

RC/HCNCs, corresponding to the type of CNCs used. 
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6.3.3. Characterizations 

Transmission electron microscopy (TEM). The morphology of t-CNCs and HCNCs was 

observed on a transmission electron microscope (Talos™ F200X G2 TEM, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) at ×28,500 magnification. A droplet of 0.1wt% CNC 

suspension was deposited on a polycarbon film supported on a copper grid, and the specimen 

was dried in air overnight. The TEM images were obtained at an accelerating voltage of 200 

kV. 

Fourier-transform infrared (FT-IR) spectroscopy. FT-IR spectra of t-CNCs and HCNCs were 

obtained by the Varian Excalibur 3100 FT-IR spectrometer (Varian, Melbourne, Vic, Australia) 

equipped with an attenuated total reflectance (ATR) accessory (Specac, Orpington, LDN, UK). 

The spectra were collected as the average of 64 scans with a resolution of 4 cm -1, using the 

empty accessory as blank. The measurements were carried out at 650-4000 cm-1. 

X-ray diffraction (XRD). XRD patterns of t-CNCs and HCNCs were obtained using an 

Empyrean 3 (Malvern Panalytical Ltd., Malvern, Worcs, UK) X-ray diffractometer in a Bragg 

Brentano configuration, with Cu Kα radiation between 4° and 40°. 

13C solid-state nuclear magnetic resonance (NMR) spectroscopy. NMR spectra of t-CNCs and 

HCNCs were acquired using a VNMRS 400 (now Agilent, Santa Clara, CA, USA) wide bore 

spectrometer operating at 399.9 MHz for 1H and 100.5 MHz for 13C in a 7.5 mm Varian 

Chemagnetics double-resonance probe.  The recycle delay was 3 seconds, and the samples 

were spun at 5 kHz. The cross-polarization contact time was 2 ms, and 4096 scans were 

acquired. 
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Atomic force microscopy (AFM). The surface topographies of RC/t-CNCs and RC/HCNCs 

were altered using a Carver laboratory press (Carver, Inc., Wabash, IN, USA) at room 

temperature under the forces of 1,000 lbs and 50,000 lbs for 15 minutes, and then measured 

using the MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA). The images were 

obtained in tapping mode using silicon cantilevers (ACTA model, AppNano) with a nominal 

spring constant of 37 N/m and a nominal resonant frequency of 300 kHz. 

Antibacterial activity analysis. Four types of bacteria were used for the antibacterial test, 

including two Gram-positive strains (Staphylococcus aureus, S. aureus and Listeria 

monocytogenes, L. monocytogenes) and two Gram-negative strains (Escherichia coli, E. coli 

and Salmonella enterica, S. enterica). Each strain was prepared from -80 °C 20% glycerol stock 

and streaked for isolation on LBA plates for S. aureus and E. coli and TSA plates for L. 

monocytogenes and S. enterica. The plates were incubated at 37 °C overnight, and the isolated 

colonies were picked for inoculation in 4 mL broth media at 37 °C with constant shaking at 

175 rpm. After 16 hours, a concentration of ca. 108 CFU/mL was achieved, and the bacterial 

inoculums were prepared by diluting the culture with PBS to a certain concentration for further 

experiments. 

The antibacterial activities of neat RC, RC/t-CNCs, and RC/HCNCs films were analyzed by a 

modified AATCC 100 test method (Xu et al., 2021). The films were cut into 1 cm × 1 cm, and 

100 μL of bacterial suspension (~106
 CFU/mL) were dropped on the surface. After 3 minutes 

of contact, PBS buffer was added and vortexed to rinse off bacteria. The rinsing solution was 

serially diluted and spread onto the surface of the agar plate, followed by incubation at 37 °C 
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for 24 hours. The colonies on the plate were enumerated to calculate the log reduction.  

Scanning Electron Microscopy (SEM). The morphologies of RC/CNC films and bacteria before 

and after contacting with RC/CNC surfaces were observed using Quanta 450 environmental 

scanning electron microscope (FEI, Hillsboro, OR, USA). The RC/CNC films were mounted 

onto the stub and sputter coated with a 4 nm layer of gold-platinum (Leica EM ACE200, Leica 

Microsystems, Wetzlar, HE, Germany). The bacterial cells were collected by centrifugation and 

washed with PBS 3 times. Then the bacteria were fixed with 4% glutaraldehyde solution for 

10 minutes, followed by washing with PBS 3 times and then sterile water twice. Thereafter, the 

samples were dehydrated in a sequential ethanol series (35%, 50%, 75%, 90%, 95%, 100%, 

and 100%) for 10 minutes each. After that, 100 µL of the samples were inoculated onto a poly-

lysine coated coverslip and allowed to air dry at room temperature for 12 hours. The dried 

samples were mounted, sputter coated, and observed at an accelerating voltage of 5 kV. 

Raman spectroscopy. A Renishaw inVia confocal Raman spectroscopic system (Renishaw, 

Wotton-under-Edge, Glos, UK) equipped with a 785-nm NIR diode laser and a Leica 

microscope was used. Bacterial samples before and after contacting with RC/CNC surfaces 

were collected and washed twice with sterile water. An aliquot of bacterial suspension was 

transferred onto a gold-coated microarray slide and dried at room temperature for 20 minutes. 

The Raman spectra were recorded in the range of 400 to 1,800 cm -1. 

6.3.4. Statistical analysis 

The statistical analysis was carried out through a one-way analysis of variance (ANOVA) using 

IBM SPSS Statistics 26 software. Data were presented as the mean ± standard deviation, and 



167 
 

the differences between means were analyzed by LSD post-hoc analysis at the confidence level 

of 0.05. 

6.4. Results and Discussion 

6.4.1. Structure of CNCs and RC/CNC films 

 

Figure 6.1. Representative TEM images (a, b), FTIR spectra (c), XRD patterns (d), and 13C 

solid-state NMR spectra of t-CNCs and HCNCs. 

The morphology of t-CNCs and HCNCs was observed by TEM. As shown in Figure 6.1 (a, b), 

HCNCs from waste textile had a typical rod-like shape, and the average length and diameter 

of HCNCs were 112 nm and 12 nm, respectively. Meanwhile, t-CNCs from tunicate presented 

a longer needle-like structure with an average length of 924 nm and a diameter of 17 nm. It 

indicated a significantly higher aspect ratio (55 ± 10) of t-CNCs and was in agreement with 

previously reported results (Dunlop et al., 2020; He, Bian, & Piao, 2020). Figure 6.1 (c) shows 

the FTIR spectra with analogous characteristic peaks of cellulose. For instance, the peaks at 
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3331, 2900, 1427, 1371, 1315, 1160, 1055, and 1031 cm-1
 were attributed to the O-H stretching, 

C-H stretching vibration, C-H bending, CH2 bending, OH bending, C-O-C asymmetric 

vibration, and C-O-C pyranose ring stretching vibration, respectively, and both CNC samples 

were assigned as β-linkage with a peak at 899 cm-1 (Verma, Chhajed, Gupta, Roy, & Maji, 

2021). The XRD patterns of t-CNCs and HCNCs are shown in Figure 6.1 (d). The samples 

showed the same characteristic peaks at 14.6°, 16.4°, and 22.5°, which proved the cellulose Iβ 

type crystalline structure (Ling et al., 2022). The crystallinity index of t-CNCs and HCNCs was 

calculated to be 85% and 89%, which were consistent with the previous reports (He et al., 2020; 

Kim et al., 2021). The solid-state NMR spectra of t-CNCs and HCNCs recorded the 

characteristic peaks of cellulose Iβ crystalline structure in the range of 60-68 ppm for C-6, 68-

80 ppm for C-2, C-3, and C-5, 84-89 ppm for C-4, and 100-110 ppm for C-1 (Pourmoazzen et 

al., 2020; Trilokesh & Uppuluri, 2019; Xia, Yuwen, & Lin, 2018). 

 

Figure 6.2. Representative SEM images of RC/t-CNCs (a) and RC/HCNCs (b). 

The surface morphology of RC/t-CNCs and RC/HCNCs films was studied using SEM, and the 

images are shown in Figure 6.2. Although t-CNCs and HCNCs were not vertically fixed on the 

surface of RC films, the deposition of CNCs formed rough surfaces. Both CNCs were 

uniformly and randomly distributed on the surfaces without obvious pores or aggregates. It has 
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been reported that the coarse surface of solid film was important to the mechano-bactericidal 

property, while neither the RC films nor the free CNC suspensions with different concentrations 

showed any antibacterial effect (log reduction ranging from -0.100 to 0.136). It indicated the 

necessity of constructing a chevaux-de-frise-like nanostructure on the solid film surface (Zhou, 

Girouard, O'Brien, Ronholm, & Wang, 2022). 

6.4.2. Antibacterial activity 

 

Figure 6.3. Antibacterial efficiency of RC, RC/t-CNCs, and RC/HCNCs against S. aureus, L. 

monocytogenes, E. coli, and S. enterica. Statistical significance (p < 0.05) among different 

bacterial strains is indicated by letters, and significant difference (p < 0.05) among the RC films 

is indicated by symbol*. 

The antibacterial activities of RC and RC/CNC films were tested with four types of bacteria, 

namely S. aureus and L. monocytogenes (Gram-positive bacteria) and S. enterica and E. coli 

(Gram-negative bacteria). To quantify the number of viable bacteria on each surface, plate 

assay was performed. As shown in Figure 6.3, no obvious antibacterial effect was observed for 

the RC films (control group). On the contrary, significant log reduction (p < 0.05) of S. aureus, 
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S. enterica, E. coli, and L. monocytogenes was exhibited after 3-minute contact with both 

RC/CNC samples. For S. aureus and L. monocytogenes, there was statistical significance in the 

log reduction between the RC/t-CNCs and RC/HCNCs films (p < 0.05), while no significant 

difference existed towards S. enterica and E. coli (p > 0.05). Additionally, both the RC/t-CNCs 

and RC/HCNCs films showed the relatively higher antibacterial activity against E. coli and 

slightly lower activity for S. aureus. It suggested that the antibacterial efficiency of RC/CNC 

films was related to the characteristics of different bacteria. Among these four bacterium 

models, S. enterica, E. coli, and L. monocytogenes are rod-shaped bacteria with flagella-

mediated motility, while S. aureus has a spherical shape and a non-motile organism without 

flagella (Huang, Lin, Huang, Yang, & Shih, 2022). Besides, gram-negative bacteria have 

thinner cell walls than Gram-positive bacteria (Ye et al., 2022). The death of bacteria cells on 

nano-patterned surfaces was associated with the physical stretching of the cell membrane and 

the balance between bacterial adhesion and stretching energy (Anselme et al., 2010; Zhou et 

al., 2021). Therefore, the relatively higher viability of S. aureus might be due to their less 

movement on the RC/CNC surface and thicker cell wall. Moreover, the RC/t-CNCs films were 

relatively more effective in killing the bacteria cells compared to RC/HCNCs. It might be the 

result of the higher aspect ratio of t-CNCs (Chopra et al., 2021; Patil, Overland, Stoller, & 

Chatterjee, 2021). 
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Figure 6.4. Antibacterial efficiency of RC/t-CNCs and RC/HCNCs against E. coli before and 

after pressing under the forces of 1,000 lbs and 50,000 lbs. Statistical significance (p < 0.05) 

between different pressing forces is indicated by letters.  

 

Figure 6.5. 3D AFM images of RC/t-CNCs (a-c) and RC/HCNCs (d-f) before and after 

pressing under the forces of 1,000 lbs and 50,000 lbs.  

In order to investigate the relationship between the surface roughness and mechano-bactericidal 

activity, the RC/t-CNCs and RC/HCNCs films were pressed under the forces of 1,000 lbs and 

50,000 lbs for 15 minutes, and their antibacterial efficiency was then tested with E. coli. As 

shown in Figure 6.4, an obvious decrease in log reduction was observed for both films after 

a

b

a

c

b
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pressing. Particularly, with the pressing force of 50,000 lbs, the antibacterial efficiency 

significantly decreased to around 0.07 log reduction (p < 0.05), indicating no bactericidal 

activity. The changes in the surface topography of the RC/CNC films were evaluated using 

AFM. As shown in Figure 6.5, pressing under the forces of 1,000 lbs and 50,000 lbs for 15 

minutes obviously smoothed the surface of RC/CNC films. Wang et al. (Wang et al., 2021) 

reported a similar phenomenon where the fibrous membranes became denser with low surface 

roughness after pressing. It was confirmed that the nanostructures formed by the deposited t-

CNCs and HCNCs were the key for killing the bacteria by contact. 

 

Figure 6.6. Representative SEM images of S. aureus (a-c), L. monocytogenes (d-e), E. coli (g-

i), and S. enterica (j-l) without treatment (left), and after treatments on the surfaces of RC/t-

CNCs (middle) and RC/HCNCs (right) for 3 minutes. 
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In an attempt to visualize the effects of the RC/CNC films on the four types of bacteria, SEM 

images of bacteria before and after contacting with the RC/t-CNCs and RC/HCNCs films for 

3 minutes at room temperature are shown in Figure 6.6. The untreated bacterial cells of S. 

enterica, E. coli, and L. monocytogenes were smooth and rod-shaped with complete structure, 

and S. aureus cells appeared in a spherical shape. Cell death caused by nanopillars is usually 

accompanied by rupture of the cell membrane (Zhou et al., 2021). However, there was no 

significant change in the morphology of all the bacterial cells after contacting with the RC/CNC 

surfaces. It indicated that the bacteria cells were quickly killed in 3 minutes without causing 

any significant morphological changes. 
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Figure 6.7. Average Raman spectra of S. aureus (a), L. monocytogenes (b), and E. coli (c) 

without and with treatments on the surfaces of RC/t-CNCs and RC/HCNCs for 3 minutes. 

Raman spectra of bacteria without/with the contact of RC/CNC films were employed to 

investigate the biochemical composition changes and recorded with an excitation wavelength 
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of 785 nm. S. aureus, L. monocytogenes, and E. coli were selected as representative models of 

non-motile Gram-positive, motile Gram-positive, and Gram-negative bacteria, respectively. 

Raman spectral fingerprinting regions, from 400 to 1800 cm -1, represent the biochemical 

compositions of the bacterial cells, such as proteins, lipids, and nucleic acids (Wang et al., 

2020). For example, the peaks at 824 and 850 cm -1 correspond to polysaccharides and 

phospholipids on bacterial cell walls. The prominent peaks at 1002, 1331, and 1668 cm-1 are 

correlated with phenylalanine, nucleic acid, and amide Ⅰ, respectively. The band at 1450 cm-1 

is associated with the CH2 deformation mode of protein and lipids (Barzan et al., 2020; Liu, 

Mukherjee, Wu, Huang, & Cai, 2021). As shown in Figure 6.7, the average spectra of the 

bacteria exhibit a high level of similarity between the spectra before and after 3-minute contact 

with RC/CNC films, and only slight peak intensity changes were observed. It suggested that 

the short contact period with mechano-bactericidal surfaces did not significantly change cell 

morphology or biochemical compositions.  

6.5. Conclusions 

This study demonstrated the effects of different CNC dimensions and surface topographies on 

the mechano-bactericidal activity against four types of bacteria. Both RC/t-CNCs and 

RC/HCNC films showed the significant antibacterial activities (>80% reduction) against S. 

aureus, L. monocytogenes, E. coli, and S. enterica within 3-minute of contact. Due to the 

different cell morphology and structures, the all-cellulose antibacterial surfaces showed 

relatively higher activity against E. coli and slightly lower activity for S. aureus. Compared to 

HCNCs, t-CNCs had a higher aspect ratio and contributed to a relatively more effective 
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bactericidal surface. The surface topography significantly affected the antibacterial 

performance. After compressing at 50,000 lbs, the RC/CNC films became smoother with no 

bactericidal activity. SEM and Raman spectra results indicated no obvious changes in the 

morphology and biochemical compositions of the bacterial cells after contacting with the 

RC/CNC surfaces for 3 minutes. Therefore, this work confirmed the feasibility to fabricate 

sustainable antibacterial surfaces from CNCs with potential applications in food packaging. 
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7.1. Conclusions 

The primary objective of this thesis was to explore the potential of CNCs derived from waste 

textile to construct antibacterial packaging materials. The literature review showed that in 

addition to traditional raw materials, waste biomass has become a trending feedstock of CNCs. 

Due to their unique properties, CNCs have great potential to fabricate active packaging 

materials (Chapter 2). Therefore, we investigated the extraction of CNCs from waste textile 

and the approaches to applying CNCs in antibacterial packaging materials (Chapters 3-6).  

Chapter 3 demonstrated that textile waste materials offered a potential feedstock for extracting 

CNCs. Two kinds of CNCs with different functional groups were successfully extracted from 

textile waste using sulfuric acid hydrolysis and three-step oxidization. The results confirmed 

the rod-like morphology and cellulose Ⅰβ crystalline structure of CNCs with a high crystallinity 

index (ca. 89%). Besides, the addition of CNCs into soybean protein isolate films improved 

the mechanical strength and water vapor barrier property of the protein films. 

Chapter 4 synthesized the N-halamine modified CNCs as functional nanofillers for the 

fabrication of nanocomposite packaging films with rechargeable antibacterial property. The 

modified CNCs had a high antibacterial efficiency (>99.999%) against both S. aureus and E. 

coli, and were incorporated into cellulose acetate and poly(vinyl chloride) films by solvent 

casting. With the addition of 3% modified CNCs, the nanocomposite films could inactivate S. 

aureus and E. coli at an initial concentration of 106 CFU/mL after 1-hour contact. Moreover, 

the antibacterial activity could be fully recharged without affecting the mechanical 

performance of the films.  
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In Chapter 5, the effects of different antibacterial modifications of CNCs on the performance 

of polylactic acid films were investigated. The modified CNCs were applied on the surface of 

polylactic acid films by a convenient method - spray coating. Among three modifications, the 

coating of N-halamine modified CNCs showed the highest antibacterial efficiency against S. 

aureus and E. coli even with low coating mass. The quaternary ammonium salt modified CNCs 

contributed significantly to the mechanical and gas barrier properties of polylactic acid films, 

and the films coated with zinc oxide modified CNCs exhibited a prominent compostable 

behavior. All the coated composite films could extend the shelf life of wrapped pork from 3 

days to more than 10 days. 

Finally, in Chapter 6, the mechano-bactericidal surfaces were developed by all-cellulose 

materials without introducing any chemical antibacterial agent. The bactericidal surfaces 

showed significant antibacterial activity of >80% reduction against S. aureus, L. 

monocytogenes, E. coli, and S. enterica within 3-minute contact. It was found that the 

bactericidal efficiency was related to the characteristics of bacteria, aspect ratio of CNCs, and 

surface topography of all-cellulose films. Interestingly, there was no obvious difference in the 

morphology and biochemical compositions of live and dead bacterial cells after contacting for 

3 minutes.  

Overall, waste textile was proved to be a potential feedstock to extract CNCs with comparable 

properties to CNCs derived from traditional raw materials. Different strategies were applied to 

construct antibacterial packaging materials with either pristine or modified CNCs, suggesting 

new perspectives on the development of sustainable antibacterial packaging materials. 
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7.2. Contribution to Original Knowledge 

The important contributions of this research to knowledge are as follows:  

1. This work provided the optimized conditions to extract CNCs from textile waste and the 

structure-property information of CNCs obtained from different extraction methods. 

2. This work demonstrated the feasibility of using modified CNCs as antibacterial nanofillers 

in commercial plastic films and revealed their effects on the performance of packaging films. 

3. This work provided the comparison of different antibacterial modifications of CNCs and will 

contribute to the development of sustainable functional nanofillers.  

4. This work demonstrated that the modified CNCs can be simply sprayed on the surface of 

packaging materials to endow them with antibacterial property, and the CNC coating not only 

improved the mechanical and barrier properties of polylactic acid films but also facilitated their 

compostability. 

5. This work revealed the factors that affect the mechano-bactericidal activity of novel all-

cellulose surfaces and will promote the development of sustainable antibacterial materials 

without using any antibiotics. 

7.3. Recommendations for Future Research 

The following are the recommendations for future research based on the current study: 

1. It is necessary to investigate if any organic residues, such as dye molecules, exist in the 

CNCs extracted from waste textile. 

2. Further development is required to design modified CNCs that are compatible with different 

types of packaging materials.  
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3. It is still unknown how the bacteria were killed on the all-cellulose surface within 3 minutes. 

Further research on the mechanism of mechano-bactericidal activity is needed for better design 

of CNC-based antibacterial materials. 

4. The toxicity of modified CNCs should be evaluated. Although the release of modified CNCs 

was not obvious in our tests, the long-time migration of modified CNCs from packaging 

materials to food products should be investigated to ensure safety.  
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