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Abstract 

Nanomaterials have been widely used as antimicrobial agents for their high 

efficiency. However, the lack of recovery techniques and toxicity has raised concerns for 

the use of these materials. Cellulose nanocrystals (CNCs), extracted from plants and 

agriculture biomass via acid hydrolysis possess many unique features, such as high 

mechanical strength, high aspect ratio, excellent colloidal stability, and biocompatibility. 

With the growing interests in green chemistry and chemical process, the modification and 

utilization of CNCs has appealed to more scientists and researchers.  

In this study, a CNCs based antimicrobial nanomaterials was developed by 

grafting poly(diethylaminoethyl methacrylate) (PDMAEMA) via surface-initiated 

ARGET-ATRP and quaternizing the grafted polymer. The grafting density and molecular 

weight of the PDMAEMA-g-CNC was controlled by adjusting the surface initiator 

immobilization and monomer concentration. The degree of quaternization of different 

PDMAEMA-g-CNCs with various grafting density and chain length were evaluated, and 

the antimicrobial activity was tested. It is found that the types of quaternizing agents, 

grafting density, and polymer chain length could affect the surface charge, morphology, 

degree of quaternization, and antimicrobial activity of CNCs. The smaller quaternizing 

agents, lower chain density and longer chain length could lead to higher degree of 

quaternization and enhance the antimicrobial activity of the Q(PDMAEMA)-g-CNC. 

These findings could be applied to optimize the CNC ATRP surface grafting systems and 

could be potentially used in applications, such as Pickering emulsion, antimicrobial and 

drug delivery. 
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Chapter 1 Introduction 

1.1 Research overview 

Nanomaterials have unique properties, such as high surface energy and 

mechanical strength, which has been utilized to fabricate antimicrobial materials with 

strong biocidal activity. However, many of these antimicrobial nanomaterials lack 

biocompatibility and show long-term environmental impact. Cellulose nanocrystals 

(CNCs) are extracted from natural cellulose by acid hydrolysis and have many unique 

features, such as high mechanical strength, high aspect ratio, excellent colloidal stability, 

and biocompatibility. With the growing interests in green chemistry and chemical 

process, it is of great research potential to develop a CNCs-based antimicrobial 

nanomaterials with high efficiency and low environmental impact.  

There are two major objectives of this research: 1) Develop quaternary 

ammonium-modified cellulose nanocrystals (QA-CNCs) and explore its potential as 

antimicrobial nanomaterials, 2) Investigate and optimize the factors that can enhance the 

antimicrobial activity of the QA-CNC systems. 

1.2 Methodology 

This thesis focuses on developing an antimicrobial CNCs system by surface 

grafting of antimicrobial polymer with cationic quaternary ammonium groups. Surface-

initiated Activator Re-Generated by Electron Transfer Atom Transfer Radical 

Polymerization SI-(ARGET) ATRP was used to graft PDMAEMA from the CNC 

surface. The grafting density, molecular weight can be controlled by changing the 

reaction conditions. After polymer grafting, the grafted CNCs was quaternized using 



2 
 

different quaternizing agents and tested for the degree of quaternization via titration. 

Finally, the antimicrobial efficiency was evaluated with yeast tests and antibacterial tests. 

 

1.3 Research outline 

Chapter 1 

In this chapter, a research overview and the research objectives are described, and 

the methodology and research outline of this thesis is presented. 

 Chapter 2 

In this chapter, a comprehensive literature review was conducted. The contents 

include three parts: 1) an introduction to nanotechnology and antimicrobial 

nanomaterials, the synthesis, development, and working aspects of common antimicrobial 

nanoparticles. 2) a review on CNCs, the development, extracting methods, physical 

properties, surface chemistry and modifications of CNCs. 3) an introduction to the 

development, mechanism, and the utilization of quaternary ammonium compounds in 

antimicrobial applications.  

Chapter 3 

In this chapter, the synthesis, quaternization using different materials, and the 

factors that can modulate the antimicrobial activity of PDMAEMA-g-CNCs are 

discussed. The chemical reaction, morphology, surface charge and colloidal stability, 

degree of quaternization, and antimicrobial activity were studied. By comparing the 

surface charge and titration results, the best quaternizing agent was chosen to achieve a 
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maximum degree of quaternization. The antimicrobial tests were conducted, and the 

problems and potential approach of optimizing this Q(PDMAEMA)-g-CNC system was 

discussed. 

Chapter 4 

In this chapter, the control of polymer grafting density, chain length, and its 

effects on quaternization and antimicrobial activity are discussed. The morphology, 

surface charge, degree of quaternization and antimicrobial activity of four PDMAEMA-

g-CNCs with different chain densities and chain lengths were studied. The principles 

behind the effects of chain density and chain length on degree of quaternization (DQ) and 

antimicrobial activity were discussed. 

Chapter 5 

This chapter provides a summary of the research conducted and describes 

possible issues to be addressed in the future.  
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Chapter 2 Literature Review 

2.1 Introduction to nanotechnology and antimicrobial nanomaterials 

2.1.1 Nanotechnology and nanomaterials 

Nanotechnology is an interdisciplinary filed that focuses on materials or 

composites with dimensions in nano range. Nanomaterials and nanocomposites possess 

unique physical or chemical properties due to their high surface energy, which enables 

novel designs and applications of existing materials. The principles of nanotechnology 

were introduced to agriculture, food industry, water treatment, health care, energy, and 

electrical engineering.1-13 As the result of growing research on nanotechnology, there 

were more than 189,000 international patents in the field of nanotechnology and 

nanoproducts by 2017. It was estimated that the global nanotechnology market size was 

between 45 billion to 50 billion USD as of 2018, with a compound annual growth rate 

(CAGR) of 13% during the forecast period of 2019 to 2025.10  Among these growing 

market in nanotechnology, biomedicine and health care are among the most important 

field of application. Recent nanotechnology research on biomedicine includes 

applications in quantum dots-incorporated bio-imaging,1  thermal therapy and radiation 

therapy,12, 14 nanomaterials for biosensing,9, 15, 16 drug delivery nanocomposite systems.17, 

18  These novel designs of nanomaterials and nanocomposites revealed the great potential 

of nanotechnology in health care and biomedical engineering. Therefore, further research 

and discussion in this area are important and necessary. 
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2.1.2 Development of antimicrobial nanoparticles  

Silver has a long history of being used to produce potable water and has been 

used for burns and wound dressing for centuries.19 Silver metal and its compound have 

been found to have strong broad-spectrum antimicrobial activity due to the silver ions, 

which are known to interact with bacterial cell and inhibit its growth in a number of 

different ways: binding with thiol groups of proteins and enzymes to disrupt bacterial 

respiration and substance transport, interacting with cell wall and membrane to damage 

the function of cell membrane, and affecting nucleic acid to destroy bacterial cellular 

activities.20-24 The antimicrobial efficiency of bulk silver and silver compound is 

determined by the release rate of silver ion, however the high cost of silver metal further 

limited the use of these materials as antimicrobial agents.  

With the development of nanotechnology and nanomaterials, a new form of silver 

antimicrobial materials , i.e. silver nanoparticles (NPs) have attracted new interest.19, 21, 24, 

25 The size of silver NPs varies from 10 and 80 nanometers and display much higher 

antimicrobial efficiency, with minimal inhibitory concentrations (MIC) down to tens of 

µg/mL level, compared to bulk metallic silver.21 It is suggested that the smaller size of 

silver NPs resulted in the higher surface energy and rate of silver ion release, which 

promotes the lethal interactions with micro-organisms leading to higher antimicrobial 

efficiency.19, 21, 22, 24, 25 The successful research outcomes using silver NPs generated 

increasing interests as antimicrobial nanomaterials.   

There has been a tremendous growth in research on antimicrobial NPs since the 

discovery of silver NPs. Various types of antimicrobial NPs have been developed, which 

can be classified into three major categories: inorganic NPs, organic NPs, and hybrid 
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NPs. (Fig. 2-1) Common inorganic NPs include metallic nanoparticles, such as silver NPs 

and gold NPs,19, 21, 25-27 metal oxides such as TiO2 and ZnO,28-32 and other ion doped 

metal oxides and insoluble metal salts.33-35 These nanoparticles occur in different shapes, 

such as nanospheres, nanorods, nanoplates, and nanoflowers.36-40 Organic NPs usually 

refer to organic compounds NPs such as curcumin, polymer NPs and their derivatives.41-

45 Hybrid NPs consist inorganic NPs or metal ions and organic materials, usually 

polymers, such as NPs incorporates nanofibers, surface modified metal NPs, and 

polymer-metal ions complex.46-50  

Figure 2-1 Antibacterial nanoparticles categorized by material type. (Adapted from 

Morizt et al.51)  
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The general preparation methods of these nanoparticles follow one of the two 

methods: 1) physicochemical method, and 2) biological method. Physicochemical 

method is the most common synthesis approach for metallic NPs. Evaporation/ 

condensation method is a straightforward method for NPs synthesis. For example, Ayesh 

et al. reported on the synthesis process of titanium NPs by inert gas condensation.52 The 

titanium nanoclusters were generated in an ultra-high vacuum system that controls the 

size of NPs with inert gas flow, aggregation region, and sputtering discharge power. 

Despite the fact that physical condensation can easily control the chemical composition 

of NPs, the high vacuum and power consumption limits its application as a commercial 

method. Currently, most NPs are prepared by reducing suitable metal ions using reducing 

agents, such as sodium borohydride, ascorbates, or citrates.19, 24, 25, 51, 53 During the 

synthesize process, one or more capping agents are often introduced to control the growth 

and size of NPs and enhance stability.26, 28 For example, Chen et al. compared the size 

distribution of gold NPs in the absence/presence of 1-dodecanethiol (DDT) capping 

agent.54 The diameter of gold NPs ranged from 2-16 nm without DDT while the thiol-

capped NPs had a narrow diameter distribution of around 5.6 nm. Although antimicrobial 

NPs prepared by conventional physicochemical method is simple and controllable, the 

use of toxic reducing agents, such as sodium borohydride and organic solvents pose 

environmental issues and potential health risks, especially for biomedical applications.27, 

30, 55  

In order to address these challenges, there is a need to develop non-toxic, 

environmental-friendly biosynthesis methods for antimicrobial NPs. Recent studies have 

focused on the biosynthesis of NPs using various plant extracts and microbial metabolism 
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activities.27, 30-33, 40, 55-57 For example, lignin, a common biopolymer produced in pulping 

industry, were used to synthesize silver NPs as both a reducing and capping agent, where 

the size and distribution of silver NPs were controlled by lignin concentration in the 

process.58  Also, the biosynthesis of copper/ copper oxide NPs using living bacteria or 

bacterial extracts were reported.32, 55 These novel approaches of synthesizing NPs shows 

the future trend of making and applying antimicrobial nanomaterials. 

 

2.1.3 Working mechanism of antimicrobial nanoparticles  

Generally, antimicrobial NPs shows excellent antimicrobial activity because the 

high surface area to volume ratio of NPs gives good contact to cell. The working 

mechanisms of antimicrobial NPs have been frequently discussed in the literature on 

silver NPs. The proposed cytotoxicity mechanisms include: 1) disruption of bacterial cell 

membrane integrity,21, 59, 60 2) generation of reactive oxygen species,61 3) damage of 

bacterial protein and enzymes,59, 62 4) damage or inhibition of DNA replication,62, 63 5) 

disruption of cell respiration.20, 59  Fig. 2-2 illustrates the different antimicrobial 

mechanisms on biofilm, intracellula, and cell membrane level. However, because some 

metal ions and metallic NPs, such as silver ions and silver NPs, both exhibit antimicrobial 

activity, the explanation of actual antimicrobial actions of these NPs remain ambiguous. 

For example, Mosselhy et al. compared the antimicrobial action between silver NPs and 

silver nitrate.60 Results shows that there is a significant difference between the working 

mechanism of silver NPs and silver ions: silver NPs caused wall destruction, leakage 

cytoplasmic substances and gap between the cell wall and cell membranes, while silver 

ions tended to disrupt and damage bacterial DNA.  Moreover, Dong et al. discovered that 



9 
 

the antimicrobial efficiency of silver NPs were significantly different in aerobic and 

anaerobic environment, which provides evidence of dynamic NPs-cell interaction that 

may undergo dissolution-reduction cycles in alternating environment.64 In conclusion, the 

study on working aspects of antimicrobial NPs has not come to a certain conclusion, but 

the discovered cytotoxic mechanism can provide insights for developing new 

antimicrobial nanomaterials and potential clinical applications. 

Figure 2-2 The functioning mechanism of antibacterial nanoparticles. (Adapted from 

Khan et al.29)  

 

2.2 Cellulose nanocrystals 

2.2.1 Development of green nanotechnology and natural nanomaterials 

With the rapidly growing market for nanotechnology and increasing applications 

of nanomaterials, concerns on nanomaterial-related safety and environmental issues has 

been raised. For example, Ag NPs is one of the most commonly identified 
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nanotechnology with over 500 commercial products that contain Ag NPs.65  However, 

contrary to the considerable use of Ag NPs, few effective methods have been taken to 

recover these NPs. Donner et al. and Wang et al. show that these Ag NPs eventually 

enters soils through wastewater−sludge−soil pathway and are able to remain in their 

stable form for a period longer than 50 years, which can potentially harm microorganisms 

in soil and cause problems in algriculture.66, 67 Although significant progress has been 

made to examine the toxicity mechanism of antimicrobial NPs, risks of long-term 

exposure to these nanomaterials remain unclear.68-71 Considering the potential eco-

toxicity, the incorporation of the fundamental principles of green chemistry and chemical 

process to nanotechnology has appealed to researchers and extended to a new market of 

sustainable green nanomaterials.  As a result, nanotechnology and nanomaterials based 

on bio-resource has attracted increasing interest in recent years because they can be easily 

obtained and tend to bring less environmental impact.72 Therefore, it is important for 

researchers to identify and utilize natural materials in nanotechnology.  

As the most abundant natural material on earth, cellulose holds a key role. The 

global cellulose market is USD 219.53 billion in 2018 and is estimated to reach USD 

305.08 billion by 2026, with a compound annual growth rate (CAGR) of 4.2%.73  While 

cellulose has been used in paper and textile since the beginning of history, in the past two 

decades, growing research interest has been focusing on its applications in nanoscale due 

to the adequate quantity and versatility in terms of production of the nanomaterial.74-79  

Natural cellulose occurs in a hierarchical structure and semi-crystalline form (Fig. 2-3a), 

which allows the extraction of several different micro- or nano-cellulose materials, such 

as microcrystalline cellulose (MCC), cellulose nanofibers (CNF), and cellulose 
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nanocrystals (CNC). Each nanocellulosic material has its distinct properties and 

advantages which determine its applications.79 Among them, CNCs, also referred to 

cellulose nano-whiskers or nanoparticles are obtained from the crystalline domain of 

cellulose and have been used as a special functional nanomaterial. The unique properties 

and applications of CNCs will be comprehensively discussed in the following sections. 

Fig. 2-3b shows the chemical structure of cellulose, which consists of long repeating 

anhydro-D-glucopyranose units (AGU) covalently linked through acetal functions 

between C1 and C4 atom. The unique b-1,4 glycosidic linkages between AGUs of 

cellulose construct an extensive linear-chain structure with considerable amount of 

hydroxyl groups and the chain-length is determined by the number of AGUs presented, 

i.e. degree of polymerization (DP), of cellulose. Typical DP of cellulose ranges from 300- 

20,000, depending on the raw material and extraction process.76, 80, 81 Therefore, the 

extracting method plays a critical role in the physicochemical properties of nanocellulose.  
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Figure 2-3 (a) A schematic illustration of the hierarchical structure of natural cellulose 

material from wood to cellulose. (adapted from Dufresne76) (b) Chemical structure and 

intra- and inter-molecular hydrogen bonding in crystalline cellulose. (adapted from Lin et 

al.77) 
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2.2.2 Extraction and production of cellulose nanocrystals 

Over the last two decades, significant progress has been made on the extraction 

technique of CNCs. Thus far, two companies have pushed the commercial production of 

CNCs to a large scale: CelluForce (Canada, 1000 kg day−1), American Process (USA, 

500 kg day−1).72 The successful commercial production of CNCs in return becomes more 

appealing for researchers to develop more advanced extracting methods aiming at 

lowering cost, increase high-yield, and lower environmental impact as frequently 

reported in the literature. It is well-known that CNCs possess various morphologies and 

physiochemical properties resulting from different extraction processes and sources.  

Generally, CNCs extracted from natural sources are processed through a refined 

procedure to remove impurities in the fibril-matrix structure, such as lignin to produce 

cellulose fibers. The resulting cellulose fibers consist of highly ordered crystalline and 

amorphous domains, and the proportion of each fraction depends on the source.82 These 

cellulose microfibrils undergo further extraction to isolate crystalline cellulose and finally 

form separate CNCs. Some of the reported extracting methods are listed in Table 1, 

which includes acid hydrolysis,83-87 oxidation,88, 89 and mechanical refinement.90, 91  

Among them, acid hydrolysis is the most commonly used process where acid 

breaks the glycosidic bonds within the cellulose molecular chains in the amorphous 

domains along the cellulose fibrils.86, 87  The selective cleavage of cellulosic chains is due 

to the kinetics difference of hydrolysis between the amorphous and crystalline domains.92 

Studies have reported on the hydrolysis of nanocellulose using various acids, such as 

hydrochloric acid, sulfuric acid, phosphoric acid and citric acid.72, 84-86 Still, hydrochloric 

acid and sulfuric acid are the most frequently used acids in the extraction of CNCs in 
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laboratories and industry. The acid used during the hydrolysis process often affects the 

properties of extracted CNCs. For instance, CNCs obtained from hydrochloric acid 

hydrolysis show low surface charge and have poor dispersibility in water while CNCs 

extracted using sulfuric acid have greater surface charge owing to the sulfate groups that 

yield a stable suspension in aqueous solution.87  

Although these two methods are simple and efficient, the large water consumption 

and acidic wastewater generation are major challenges. Therefore, possible solutions 

have been reported, such as optimizing the procedure to recycle waste chemicals, 

applying weak acids as a substitution, and developing cleaner methods, such as 

mechanical refinement.72, 91 In conclusion, the extraction of CNCs consists of a series of 

procedure that removes the matrix materials and amorphous nanocellulose domains. The 

choice of extraction process are usually determined by the required properties in 

experiments and practical applications.   
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Table 1. Different extracting methods of CNCs. 

Type of Method Raw Material Treatment Process Post-treatment Reference 
Acid Hydrolysis Microcrystalline cellulose Dilution,	cation	exchange	

resin	hydrolysis,	
ultrasonication 

Filtration,	rinsing,	
centrifugation 

Tang et al.83  

 Pineapple leaf Grinding,	H2SO4	64%	at	
45	°C	hydrolysis,	dilution 

Centrifugation,	dialysis,	
ultrasonication 

Santos et al.85 

 Whatman filter paper 4	N	HCl	solution	at	100	°C	
for	120	min 

Centrifugation,	dialysis,	
ultrasonication 

Camarero Espinosa 
et al.84 

  H3PO4	85%	at	60	°C	
hydrolysis,	dilution 

Centrifugation,	dialysis,	
ultrasonication 

 

 Microcrystalline	cellulose Citric/hydrochloric	acid	
hydrolysis 

Washing,	
centrifugation,	
freeze	drying 

Yu et al.86 

 Bacterial	cellulose H2SO4/HCl	mixture	at	
45	°C,	dilution 

Centrifugation,	dialysis,	
ultrasonication 

Vasconcelos et al. 87 

Mechanical Refinement Microcrystalline	cellulose Swilling	in	water,	
ultrasonication	at	power	of	
1500	W 

Centrifugation,	freeze	
drying 

Li et al.90 

 Microcrystalline	cellulose Soaking	in	distilled	water,	
ultrasonication 

Washing, drying Li et al.91 

Oxidation Bleached sugarcane 
bagasse pulp 

Suspended in water, 
treatment with 
TEMPO/NaBr/NaClO 
system  

Washing, centrifugation, 
ultrasonication 

Zhang et al.88 

 Softwood bleached kraft 
pulp 
Microcrystalline	cellulose 

Sonication, treatment with 
TEMPO/NaBr/NaClO 
system  

Washing, centrifugation, 
freeze drying 

Zhou et al.89 
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2.2.3 Physical properties of cellulose nanocrystals 

Generally, CNCs consist of rod-like cellulose nano-whiskers which are highly 

crystalline. The length (L), width (D), and aspect ratio (L/D) are three critical physical 

dimensions of CNCs and mainly determined by the raw cellulosic source and extraction 

technique. Table 2 shows some of the reported CNCs extracted from various cellulosic 

sources. The dimensions and morphologies of CNCs are usually characterized by 

microscopic techniques, such as transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), or atomic force microscopy (AFM). Most plant-sourced 

CNCs have lengths ranging from 100-300 nm and widths between 5-20 nm,93-98 while 

some bacterial CNCs have larger dimensions up to 1000 nm in length.99, 100 (Fig. 2-4) It is 

suggested that the higher portion of crystalline region from bacterial cellulose makes it 

more resistant to acid hydrolysis and results in CNCs with larger size.72, 101 The rod-like 

CNCs have high aspect ratio up to 100, which provides some unique features, such as 

low percolated threshold in polymer matrix.102-104 Moreover, CNCs possess excellent 

mechanical strength, with a tensile strength of 7500 MPa and Young’s modulus of 110-

220 GPa.101 Compared with other reinforcement materials, such as 302 stainless steel, 

CNCs displays significantly higher tensile strength, Young’s modulus, and much lower 

density.72, 105 (Table 2) Therefore, a number of research have been investigating the 

reinforcement using CNCs as a nanofiller.  

Peresin et al. studied the nanofiber composite of CNC/polyvinyl alcohol (PVA) 

with CNCs loading ranging from 0% to 15%.106 It was discovered that CNCs increased 

the overall crystallinity of CNC/PVA and enhanced the Young’s Modulus of PVA by 4 

times compared to pure PVA.  Another work by Xu et al. examined the morphology, 
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crystallinity, and optimized concentration of CNCs in CNC/polyethylene oxide (PEO) 

composite film.107 The results show that the large CNCs’ aspect ratio and strong CNCs-

matrix binding lead to a 600% increase in strain-at-break and toughness. Moreover, some 

studies also suggest that CNCs enhanced thermal stability, swelling properties, self-

healing properties of composite polymer film.108-112 All these reported applications have 

been focusing on utilizing the high aspect ratio and excellent mechanical strength of 

CNCs and developing mechanically enhanced CNC composite materials. Apart from this, 

the study on the surface chemistry of CNCs have become appealing for researchers to 

investigate the functionalized CNCs nanocomposite, and this will be discussed in the 

following sections.  

 

Figure 2-4 Morphologies of CNCs extracted from different bio-sources. (adapted from 

Trache et al.72)   
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Table 2. Physical dimension of CNCs extracted from different sources. 

 

Table 3. Mechanical properties of some reinforcement materials. 

Material s (MPa) E (GPa) r (g cm-3) Reference 

CNCs 7500-7700 110-220 1.6 Moon et al.114 

Glass fiber 4800 86 2.5 Kim et al.115 

302 stainless steel 1280 210 7.8 Hamad et al.105 

Carbon fiber 4100 210 1.8 Moon et al.114 

 

 

 

 

 

Source Extraction Length (nm) Width (nm) Aspect ratio(L/D) Reference 

MCC Acid hydrolysis 250-500 10-23 10-50 95, 96 

Wood Acid hydrolysis 100-300 3-5 20-100 81, 94, 98 

Cotton Acid hydrolysis 100-150 5-10 10-30 93 

Ramie Acid hydrolysis 70-200 5-15 5-40 97 

Sisal Acid hydrolysis 100-300 3-5 20-100 113 

Bacteria Acid hydrolysis 100-1000 10-50 2-100 99, 100 
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2.2.4 Surface chemistry and functionalization of CNCs 

As mentioned in the previous sections, cellulose consists of repeating AGUs 

which are connected by b-1,4 glycosidic linkages. Each AGU possesses three hydroxyl 

groups (-OH), which provides CNCs with abundant surface functional groups that can be 

used in chemical modification. Apart from hydroxyl groups, CNCs may also have other 

functional groups owing to the extraction procedures. For example, CNCs extracted via 

sulfuric acid hydrolysis usually contain large amounts of sulfate ester groups (-OSO3-) 

which are negatively charged over a wide pH range and improve the dispersity of CNCs 

in aqueous solutions.72 Also, CNCs extracted via citric acid hydrolysis or oxidation will 

have carboxyl groups (-COO-) as surface anionic groups.86, 89 Common surface 

functionalization methods, such as etherification, phosphorylation, silylation and 

amidation, utilize hydroxyl groups on CNCs to introduce new functional groups to the 

surface and enables a wide range of functions, such as stimuli-responsiveness and 

antimicrobial properties. Among these methods, polymer grafting is considered an 

attractive approach because the physical and chemical properties of grafted CNCs can be 

easily tailored without affecting the integrity of pristine CNCs, namely their dimensions, 

crystallinity, and mechanical strength. 

Polymer grafting of CNCs can be performed using “grafting to” and “grafting 

from” methods. (Fig. 2-5a) “Grafting to” refers to attaching reactive end groups of pre-

synthesized polymers to the surface of CNCs. However, the accessible hydroxyl groups 

on CNCs are limited and the long polymer chains often make it more difficult to graft 

high density of brushes onto the CNC surface due to steric hindrance.101, 116 While 

“grafting to” method requires attaching the end groups of the polymer chains to the 
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surface of CNCs surface, on the other hand, “grafting from” method modifies the surface 

functional groups with small molecular initiator, and follows by the polymerization 

directly from the CNC surface. With less steric hindrance, “grafting from” methods can 

graft more initiators and hence the grafting density of polymers can be enhanced. Also, 

the polymerization from CNC surface prevents the possibility of physical coating of 

polymer chains to the surface CNCs, which is more favorable for quality control of the 

product.  

Surface-initiated free radical polymerization (SI-FRP) is one of the most 

commonly used approaches to graft polymers from the CNC surface. The initiator is used 

to abstract hydrogen from the hydroxyl groups on CNCs generating reactive radicals on 

the CNC surface, where monomers react with the propagating chains. SI-FRP is a 

convenient and straight-forward approach to graft polymers with high molecular weight 

on CNCs. For example, Wu et al. used  potassium persulfate (KPS) as a thermal initiator 

to perform SI-FRP on CNCs.117 At temperature between 60-70 °C, hydrogen atoms were 

removed from the hydroxyl groups on CNC surface by the sulfate radicals generated by 

KPS. Poly-acrylic acid (PAA), a polymer with unique swelling properties, was 

successfully grafted onto the CNC surface. The resulting PAA-g-CNC was then 

incorporated within the CNC-based hydrogel that exhibited excellent water retention 

properties with a swelling ratio of 323 g/g in distilled water, which can be used as a 

sensitive material in water detection. Similarly, ammonium persulfate (APS) was used as 

a thermal initiator of SI-FRP to graft poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA) to CNCs.118 The synthesized PDMAEMA-g-CNC had a tertiary amide 

loading of ∼0.8 mmol/g CNCs and was used as a pH-responsive emulsifier in heptane-in-
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water and toluene-in-water Pickering emulsions.  Despite the simple process and high-

molecular weight of grafted polymers, SI-FRP cannot control the grafting density, 

molecular weight, and composition of grafted polymers. Moreover, the introduction of 

thermal initiator, such as APS inevitably brings free polymers in bulk solution which may 

cause contamination issues in practical applications. 

In order to graft polymers with controlled grafting density, molecular weight and 

architecture, surface-initiated controlled radical polymerization (SI-CRP) is used. In 

general, CRP is a living chain polymerization, where the reactions depend on the 

reversible deactivation of propagating chains with a first order kinetics. Polymers 

synthesized by CRP typically exhibit low polydispersity due to the negligible termination 

reactions.119 In the synthesis of polymer grafted CNCs, copper-mediated surface-initiated 

atom transfer radical polymerization (SI-ATRP) is the most frequently used technique. 

Performing SI-ATRP from CNCs surface requires pre-treatment of pristine CNCs to 

introduce and immobilize the initiators onto the CNC surface. This is usually achieved by 

treating CNCs with ɑ-bromoisobutyryl bromide (BiBB) in dimethylformamide (DMF) or 

tetrahydrofuran (THF).120-124  A base (triethylamine) and a catalyst (4-

dimethylaminopyridine) are often used to obtain a higher yield, and the grafting density 

of initiator can be controlled by adjusting the amounts of BiBB used during the 

reaction.125, 126 With the presence of Cu(I) metal complex, the reverse deactivation of 

ATRP occurs through the exchange of bromine atoms between metal complex and 

propagating species. (Fig. 2-5b) The Cu mediated SI-ATRP is versatile and has been used 

to graft various of polymeric chains, such as polystyrene (PS),122, 127, 128  poly(alkyl 

methacrylate),129-131  PDMAEMA132, 133 poly(N-isopropylacrylamide) (PNIPAM),134, 135 
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and poly(4-vinylpyridine) (P4VP).136-138 Apart from homopolymers, SI-ATRP can also 

be used to graft copolymers due to its high tolerance to various functional groups.120, 124, 

133 However, ATRP is extremely sensitive to oxygen and requires a large quantity of 

transition metal complex as catalyst.119, 137 These metal catalysts, such as Cu, are 

generally toxic and the removal of residual metal is difficult and not cost-efficient.  

In order to overcome the oxygen sensitivity and minimize the metal catalyst, 

Activator Re-Generated by Electron Transfer (ARGET) ATRP was developed based on 

the principles of conventional ATRP.  It was used by Hansson et al. to graft PMMA onto 

several types of cellulose substrates.139 In the process, excess ascorbic acid was used as a 

reducing agent to continuously regenerate the Cu(I) species from Cu(II) species which 

were produced by radical termination in ATRP. The Cu(II) required in the process was 

reduced to 31.2 µmol and the surface grafting of PMMA was successfully performed. It 

is suggested that ARGET ATRP can reduce the required concentration of transition metal 

catalysts to the ppm level and is more tolerant to oxygen. Because of these advantages, 

researchers have conducted studies on CNC polymer grafting using this method. For 

example, Zhang et al. performed grafting of PS and P4VP from CNCs using both ATRP 

and ARGET ATRP.137 The concentrations of Cu catalyst used in ATRP and ARGET 

ATRP were 2000 ppm and 20 ppm, respectively. In addition, a sacrificial initiator ethyl 

α-bromoisobutyrate (EBiB) was added to evaluate the molecular weight of grafted 

PMMA and P4VP polymers. It was found that despite the successful grafting of polymers 

using these methods, ARGET ATRP tend to grow longer polymer chains with lower 

grafting density on CNCs surface comparing with conventional ATRP. It is considered 
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that the much lower catalyst concentration and faster propagating rate of ARGET ATRP 

contributed to the different characteristics of grafted polymers.137    

 

 

 

Figure 2-5 (a) A schematic illustration of “grafting to” and “grafting from” techniques. 

(adapted from Zhao et al.140) (b) Grafting PMMA from CNCs surface using SI-ATRP 

(adapted from Hatton et al.130)  
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2.2.5 Cellulose nanocrystals for antimicrobial applications 

It has been discussed in the previous sections that various nanomaterials, such as 

Ag NPs possess strong antimicrobial activities. Despite their excellent antimicrobial 

activity of existing metallic NPs or metal/polymer nanocomposites, the potential eco-

toxicity has limited the applications of these antimicrobial nanomaterials.71, 141, 142 

Therefore, research has focused on green chemical process to synthesize effective 

antimicrobial nanomaterials. CNC is a bio-sourced nanomaterial with good 

biocompatibility, biodegradability, high mechanical strength, high aspect ratio and 

excellent colloidal stability, which can be considered as a great candidate of a green 

antimicrobial nanomaterial. However, most CNCs are extracted from acid hydrolysis and 

have abundant negatively charged surface functional groups, such as sulfate ester group 

(-OSO3-), which generate electrostatic repulsion between CNCs and bacteria cell wall. 

Therefore, many studies have demonstrated various surface modification of CNCs to 

increase stability and antimicrobial effects.  

One major approach to prepare antimicrobial CNCs is the incorporation of 

existing antimicrobial NPs.143-148 For example, Wang et al. reported a green synthesis of 

CNC/AgNPs nanocomposite using CNCs as bio-substrate and glucose as reducing agent 

for Ag NPs at room temperature.149 The negatively charged sulfate groups on CNCs can 

adsorb Ag+ in solution and thus facilitate the nucleation of Ag NPs. The antibacterial 

tests against E. coli and S. aureus shows that synthesized CNC/AgNPs exhibit stronger 

antibacterial activity than commercial Ag NPs by 50% lower MIC. It is suggested the 

better dispersity and colloidal stability of CNC/AgNPs lead to the higher antibacterial 
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efficiency. In general, this approach utilized the negatively charged CNCs as substrate to 

stabilize and disperse antimicrobial NPs. Another similar approach is the coating of metal 

onto CNC surface to form a core-shell structure of metal nanorods or nanoclusters.150, 151 

Apart from loading metallic NPs to achieve antimicrobial activity, CNCs can also be used 

to graft or carry antimicrobial materials due to versatile functionalization and amphiphilic 

nature of cellulose. Castro et al. prepared antimicrobial rosin grafted CNCs by a one-pot 

green synthetic process.152 Rosin is a natural product of pine resin that consists of several 

different hydrophenanthrene structures and shows antimicrobial activity. Rosin was 

successfully grafted through esterification and showed strong antibacterial activity 

against gram-negative bacteria. In another study, Tang et al. synthesized polyrhodanine-

coated (PR) CNCs by in-situ polymerization in aqueous solution.153 The prepared PR-

CNCs showed promising antimicrobial properties toward both E. coli and B. subtilis and 

low cytotoxicity. The use of CNCs substrate enables the dispersion of PR in aqueous 

solution and thus enhance its antimicrobial activity. 

Apart from using CNCs as a substrate or carrier for antimicrobial NPs and drugs, 

there is a growing interest for researchers to develop cationic CNCs as antimicrobial 

agents. Since both Gram-positive and Gram-negative bacterial have negatively charged 

cell wall, cationic CNCs can directly interact with bacteria and disrupt cell membrane and 

cause the leakage of cytoplasmic contents.154 While various methods has been reported to 

synthesize cationic CNCs derivatives, the introduction of quaternary ammonium 

functional groups is one of the most frequently reported approach.154-160 (Table 4) 

Quaternary ammonium compounds (QACs) are positively charged and have high 

antimicrobial activity by interacting with membrane structure of microbes. The types, 
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efficiency, and working mechanism of QACs will be discussed in the following sections. 

Bespalova et al. reported a two-step synthesis of antimicrobial quaternary ammonium 

CNCs (Q-CNCs).157 The modification of CNCs was performed by chloroacetylation and 

subsequent reaction with tertiary amines with different alkyl chain lengths. Q-CNCs were 

successfully synthesized and the results showed that Q-CNCs with long alkyl chains 

longer than 10 carbons exhibited strong antimicrobial activities. Another study conducted 

by Liu et al. used epoxypropyltrimethylammonium chloride (EPTMAC) and other two 

similar QACs to prepare Q-CNCs through a one-step nucleophilic addition reaction.158 

The grafted CNCs was used as a filler in chitosan films to enhance the mechanical 

properties and antimicrobial activity.  

Table 4. Summary of QACs modified cellulose materials. (adapted from Tavakolian et 

al.154) 
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2.3 Quaternary ammonium compounds and polymeric antimicrobial materials 

2.3.1 Introduction to quaternary ammonium compounds  

Quaternary ammonium compounds (QACs) refers to compounds that have an 

amine group covalently bonded to four residues, making the quaternary ammonium group 

positively charged and it is usually accompanied with a halide anion. For common linear 

alkylammonium QACs (Fig. 2-6a), one (or two) of the four residues connected to the 

cationic headgroups is usually a hydrophobic long alky chain while other groups are 

often short-chain substituents such as methyl or benzyl groups. Due to the amphiphilic 

chemical structure of QACs, they are also referred to as quaternary ammonium 

surfactants and offer a good utility in a variety of applications, such as disinfectants, 

fabric softeners, detergents, and personal care products.161-163  

The positively charged head group and amphiphilic property makes QACs 

potential antimicrobial agents because bacterial cell walls are negatively charged, and the 

cell membrane can be disrupted through a “detergent-like” mechanism. As shown in Fig. 

2-6b, QACs are electrostatically attracted to the bacterial cell and the alkyl chains 

subsequently bind to the cell membrane. The disruption and thinning of the bacterial 

membrane lead to leakage of cytoplasmic materials, autolysis, and cell death.162, 164, 165 

Since the working mechanism strongly depends on the hydrophobic alkyl chain on the 

amine groups, studies have been conducted to investigate the relationship between the 

alkyl chain length and the antimicrobial activity of QACs. Li et al. synthesized QACs -

from 2-(dimethylamino) ethyl methacrylate (DMAEMA) and organo-halides with alkyl 

chain length ranging from 3 carbons to 18 carbons using the Menschutkin reaction .166  

The results showed that the antimicrobial activity increased dramatically (5 times lower 
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MIC) when the increasing alkyl chain length was increased from 3 to 15. However, 

QACs with 18-carbon alkyl chain showed a reduction in antimicrobial activity. Other 

similar research conducted by Zhou et al.,167, 168 Liang et al.,168 and have shown results 

that were consistent with previous experiments that linear QACs with a alkyl chain length 

at 15 carbons shows the highest antimicrobial activity. Moreover, Xu et al. studied the 

antimicrobial activity of QACs with the same alkyl chain length but different short-chain 

quaternary ammonium group substituents.169 It is suggested that the benzyl substituent 

showed lower MIC than methyl groups against S. mutans and inhibition of biofilm, which 

can be potentially used in applications, such as dental materials.  
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Figure 2-6 (a) Structure of some common commercial QACs (b) Antimicrobial 

mechanism of QACs. (adapted from Jennings et al.162) 
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2.3.2 Polymer with quaternary ammonium groups  

Antimicrobial resistance has been a great challenge for all antimicrobial materials. 

It is well-known that bacteria gain resistance under long-term exposure to antibiotics and 

the development of antibiotic-resistant microorganisms has been identified by WHO as a 

global critical health challenge.170, 171 QACs were once not considered an issue in terms 

of resistance because the working mechanism of QACs is by contacting and physically 

disrupting the cell membrane.165, 172, 173 However, in the last two decades, researchers 

have discovered the possible relationship between drug resistance and the clinical use of 

QACs, as well as the antimicrobial resistance to QACs.174-176 QACs are widely used as 

disinfectants and surfactants which will be released to environment together with the 

wastewater. The presence of QACs at sub-inhibitory concentrations in the environment 

become selective and favorable to the survival of microorganism with lower 

susceptibility, which will eventually result in the development of QAC-resistant 

microbes.163, 172, 176 Therefore, it is important to develop alternative antimicrobial 

methods to prevent QACs from being released to the environment. Compared with the 

commonly used monomeric QACs, polymeric QAC structures are capable of overcoming 

some of the limitations.177-179 Moreover, it was also reported that polymerized QACs 

enhanced the antimicrobial activity under certain conditions.167  
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Chapter 3  Surface modification of CNCs by ARGET-ATRP and quaternization 

3.1 Introduction 

Over the last two decades, there has been a tremendous growth in the application 

of nanotechnology and nanomaterials in biomedical applications. Among them, the 

antimicrobial properties of nanomaterials have been frequently studied. Due to the small 

dimensions, nanoparticles can easily interact and enter the cell structure of 

microorganisms and inhibit vital cytoplasmic activities, such as respiration and DNA 

replication.19, 21, 25, 180  Moreover, the high surface-to-volume ratio and electric charge on 

NPs contribute to the disruption of bacterial cell membrane and further enhance the 

antimicrobial activities.21, 59, 60  

Cellulose nanocrystals (CNCs) are crystalline cellulose nano-rods extracted from 

natural cellulosic fibrils via acid hydrolysis. As bio-sourced NPs, CNCs have been 

frequently used in biomedical research and applications due to its favourable properties, 

such as robust mechanical strength, high aspect ratio, biocompatibility, biodegradability, 

and colloidal stability.101, 181 Although the negatively charged pristine CNCs surface 

sulfate groups resulted from sulfuric acid hydrolysis greatly limit their effective 

electrostatic interactions with bacteria and fungi, the versatile surface functionalization 

and amphiphilic nature of CNCs have provided researchers with various approaches to 

develop antimicrobial NPs.149-151, 158 For example, the intrinsic negative charge on CNCs 

and the excellent colloidal stability makes it ideal templates for the nucleation and 

stabilization of metallic nanoparticles. Therefore, studies have been focused on 

decorating the CNCs with inorganic antimicrobial NPs such as Ag NPs, gold NPs, and 

ZnO NPs.144, 146, 149, 150, 182, 183 The use of CNCs not only prevents the use of toxic 
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chemicals, such as NaBH4 but also enhance the stability of the bound NPs in aqueous 

solution. Also, other studies have utilized CNCs to carry antimicrobial drugs as another 

approach to achieve antimicrobial activity.152, 153, 184  

Recently, there have been more research on preparing antimicrobial CNCs by 

altering their surface charge. It is well known that quaternary ammonium compounds 

(QACs) have strong antimicrobial activity due to the high affinity of the negatively 

charged phospholipids bacteria cell membrane to the positively charged nitrogen 

headgroup. Efforts have been made to covalently graft QACs onto various cellulosic 

surface groups, for example, chloroacetylation and quaternization of hydroxyl groups,157 

or one-step reaction using epoxy or silane QA salts.154, 158, 185 However, most of these 

studies focused on application of surface modification of bulk cellulose in textile, or 

using the antimicrobial CNCs as a filler for polymer matrix and films.155, 157, 158, 160 Few 

researchers have examined the QAC-based cationic CNCs as antimicrobial nanomaterials 

in colloidal system. One of the major challenges is that the stability of pristine CNCs rely 

on the strong negative charge on the surface, the surface grafted cationic quaternary 

ammonium groups must be sufficient to make strong positive net charge and maintain the 

colloidal stability. Also, the density of quaternary groups on CNCs should be high 

enough to achieve antimicrobial activity.  

In this study, we develop a cationic polymer-grafted antimicrobial CNC system 

via CNC-surface initiated ARGET-ATRP. The quaternary ammonium groups on the 

polymer side chains will provide the CNC surface with a large amount of positive charge 

yielding cationic CNCs. The design of this CNC-based cationic polymer “brush” by SI-

ATRP makes it possible to completely recover the polymer after treatment and reduced 
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the potential environmental impact of antimicrobial polymer residue. Also, the high local 

concentration of quaternary ammonium groups on polymer grafted CNCs can potentially 

enhanced the antimicrobial activity.  
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3.2 Experimental procedure 

3.2.1 Materials  

Cellulose Nanocrystals were supplied by Celluforce (Montreal, Quebec). ɑ-

Bromoisobutyryl bromide (BIBB), 4-(dimethylamino)pyridine (DMAP), triethylamine 

(TEA), N,N-dimethylformamide (DMF, anhydrous, 99.8%), 2-(dimethylamino)ethyl 

methacrylate (DMAEMA), copper(II) bromide (CuBr2), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA), L-Ascorbic acid, benzyl bromide, (2-

bromoethyl) benzene, 1-bromo-3-phenylpropane were purchased from Sigma Aldrich (St. 

Louis, USA). Dimethyl sulfoxide (DMSO) were purchased from Fisher Scientific. All 

chemicals were used without further purification. Milli-Q water was used in the 

preparation of aqueous dispersion. 

3.2.2 Immobilization of BIBB initiator on CNCs 

1 g CNCs were dried and dispersed in 100 mL DMF by ultrasonication for 30 

mins. The suspension was transferred to a 250 mL round flask and 4 mL TEA, 3.00 g 

DMAP were added. The mixture was then placed in an ice-bath and stirred at 400 rpm 

under nitrogen for 30 min. Then, BIBB (6 mL) was dropwise added to the reaction 

mixture. After 24 h, the product was thoroughly washed with ethanol, and dialyzed with 

water for 3 days. The resulted CNC-Br was freeze dried and stored in the fridge.  

3.2.3 ARGET-ATRP of DMAEMA using CNC-Br initiator  

400 mg CNC-Br was dispersed in 40 mL DMF via ultrasonication for 30 min. 

The suspension was transferred to a 100 mL round flask and 6 mg CuBr2, 24 µL 

PMDETA and 2.02 mL (12 mmol) DMAEMA were added. The mixture was then 

pumpedbubbled with dry nitrogen for 1 h to completely remove the remaining oxygen in 
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the system. The suspension was then heated and kept at 60 °C with 400 rpm stirring. The 

polymerization was initiated by dropwise addition of 5 mL (10 mg/mL in DMF) ascorbic 

acid and the reaction was kept stirring for 24 h at 60°C. After polymerization, the 

obtained PDMAEMA-g-CNC was thoroughly washed with THF, ethanol, and water, and 

then dialyzed against water for 3 days. The synthesized sample was stored in water 

suspension and part of the sample was freeze-dried for quaternization. 

3.2.4 Quaternization of PDMAEMA-g-CNCs 

50 mg PDMAEMA-g-CNCs was dispersed in 9 mL DMSO by ultrasonication 

and transferred to a 20 mL flask. 1 mL of quaternizating agent (benzyl bromide, (2-

bromoethyl) benzene, 1-chloro-3-phenylpropane) was then added and the reaction was 

kept at room temperature for 24 h. The synthesized Q-CNC was then washed with 

acetone, ethanol, water and then dialyzed with water for 3 days. The obtained samples 

were kept in water suspension. 

3.2.5 Physical and chemical characterization 

The morphologies of the samples were examined using a Philips CM10 

transmission electron microscope at an accelerating voltage of 60 kV. The transmission 

electron microscopy (TEM) samples were prepared by depositing a droplet of each 

sample (0.01 wt %, sonicated in an ice bath) on a copper grid, and the excess water was 

removed via evaporation at room temperature. Fourier transform infrared (FTIR) 

spectrometry was conducted using a PerkinElmer Spectrum Two over the range of 

400−4000 cm−1 by taking an average of 16 scans (resolution of 4 cm−1). 
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3.2.6 Particle size and zeta potential measurement 

The average particle size and zeta potential measurements were conducted using 

Zeta-potential analyzer (Nanosizer ZS, Malvern, UK) by taking an average of 3 

measurements of 10-120 scans to minimize inaccuracy.  The synthesized CNC samples 

were diluted to 0.02% and ultrasonicated for 10 min before each analysis. 

3.2.7 Titration of PDMAEMA-g-CNC and Q-CNCs 

PDMAEMA-g-CNC (20 mL of 0.0125%) suspension was adjust to pH 3.6 and 

then titrated with 0.01 M NaOH to determine the amounts of tertiary ammonium groups. 

Q-CNC-1 (20 mL of 0.025%) and Q-CNC-2 (20 mL of 0.025%) suspension was titrated 

by 10 mM AgNO3 to determine the quantity of quaternary ammonium groups. The 

conductivity was measured and plotted with titrant volume to obtain the titration curve. 

The tertiary ammonium groups (NTA, in mmol/g) can be calculated using the following 

equation: 

                                        𝑁#$ =
('()'*)×-./01

23/4567
     (1) 

where V1 is the starting point of deprotonation (mL), V2 is the end point of deprotonation 

(mL), CNaOH is the concentration of NaOH titrant used (mmol/L), and msample is the mass 

of PDMAEMA-g-CNC titrated (g). Similarly, the quaternary ammonium groups (NTA, in 

mmol/g) can be calculated using the following equation: 

                                        𝑁8$ =
'9×-:;.0<
23/4567

         (2) 
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where Vt is the end point of precipitation where the conductivity starts to increase (mL), 

CAgNO3 is the concentration of AgNO3 titrant used (mmol/L), and msample is the mass of Q-

CNC titrated (g).  

The degree of quaternization (DQ) can be estimated using the following equation: 

                                               𝐷𝑄 = ?@:
?A:

     (3) 

where NQA and NTA are the molar amount of quaternary ammonium groups per gram and 

the molar amount of quaternary ammonium groups per gram, respectively. 

 

3.2.8 Antimicrobial tests using Saccharomyces cerevisiae (yeast) 

The antimicrobial activity of quaternized PDMAEMA-g-CNC was evaluated 

using yeast as a model microorganism. The carbon dioxide (CO2) production of the yeast 

in a 30-min period was measured every 30 seconds to quantitatively compare the 

inhibitory effect of PDMAEMA-g-CNC with different degree of quaternization. The 

experimental setup is shown in Fig. 3-1. 50 mg yeast and 50 mg D-(+)-glucose were 

dissolved and mixed in 5 mL Milli-Q water (pH 6.0) in a 10 mL flask. After adding 

CNCs samples, the mixture was placed in a water bath at 42 °C and stirred at 300 rpm. 

The flask was then sealed, and the generated CO2 was collected and measured using a 

burette filled with water. 
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Figure 3-1 A photograph of the experimental setup for antimicrobial test. 

 

3.3 Results and discussion 

3.3.1 Synthesis of PDMAEMA-g-CNC and quaternization of PDMAEMA-g-CNC 

PDMAEMA-g-CNC was synthesized by ARGET-ATRP using CNC-based 

macro-initiator in Cu/PMDETA catalytic system. The general process is shown in Fig. 3-

2a. To begin with, CNC-Br macro-initiator was prepared by esterification of surface 

hydroxyl groups using BIBB. The obtained CNC-Br was then used as initiator for 

ARGET-ATRP of DMAEMA. In the process, excess ascorbic acid was used as a 

reducing agent to continuously regenerate the Cu(I) species from Cu(II) species, which 
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were produced by radical termination in ATRP, which minimized the use of Cu ions and 

greatly enhanced the oxygen tolerance of ATRP.  

The following quaternization of PDMAEMA-g-CNCs was carried by 

Menschutkin reaction using three different quaternizing agents, namely, benzyl bromide, 

(2-bromoethyl) benzene, 1-bromo-3-phenylpropane. The obtained quaternized 

PDMAEMA-g-CNC were noted as Q-CNC-1, Q-CNC-2, and Q-CNC-3, respectively. 

The synthesis of Q-CNC-1 is shown in Fig.3-2b as an example. The benzyl bromide 

reacted with a tertiary ammonium group on the PDMAEMA and converted it to a 

quaternary ammonium group with a bromine counter ion. The synthesis of Q-CNC-2 and 

Q-CNC-3 follows the same principle. Three different quaternizing agents were used to 

compare the difference in quaternization and the potential different antimicrobial activity 

of the three different Q-CNC samples.  

Figure 3-2 A schematic illustration of (a) CNCs surface-initiated ARGET-ATRP, (b) 

synthesis of Q-CNC-1. 
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Figure 3-3 FTIR results of CNC (black), CNC-Br (orange), PDMAEMA-g-CNC (blue), 

Q-CNC-1 (red), Q-CNC-2 (green), Q-CNC-3 (grey).  

The FTIR results of CNC, CNC-Br, PDMAEMA-g-CNC, Q-CNC-1, Q-CNC-2, 

and Q-CNC-3 are shown in Fig.3-3. After the esterification of pristine CNCs, a new peak 

at 1730 cm-1 was observed, which was attributed to the C=O stretching on CNC-Br, 

indicating the successful immobilization of BIBB initiators on CNCs.  PDMAEMA-g-

CNC shows stronger peaks at 1730 cm-1 because of the additional carbonyl groups on 

PDMAEMA side chains. Also, the peak observed at 1150 cm-1 correspond to the C-N 

stretching on the tertiary ammonium groups.159, 186 Other peaks at 2822 cm-1 and 2770 

cm-1 are attributed to the out-of-plane C-H bending of PDMAEMA.159, 187 The peaks 

observed from PDMAEMA-g-CNC suggests the successful grafting of PDMAEMA onto 
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CNCs surface. After quaternization with benzyl bromide, the obtained Q-CNC-1 shows 

strong peaks at 766 cm-1, 715 cm-1, and 1480 cm-1, which indicates the substituted benzyl 

groups on quaternary ammonium groups. Due to the difference in degree of 

quaternization (which will be discussed in the following sections), the same peaks were 

observed at a lower intensity in Q-CNC-2 and can hardly be observed in Q-CNC-3. 

 

3.3.2 Morphology of CNCs, CNC-Br, PDMAEMA-g-CNC, and Q-CNC 

The TEM image of CNCs, CNC-Br, PDMAEMA-g-CNC, and Q-CNC-1-3 are 

shown in Fig. 3-4. As shown in Fig. 3-4a, CNCs have negative surface charge and could 

form a stable colloidal suspension in water. As a result, individual CNCs had clear edges 

and the average length of CNCs were around 300 nm. The esterification with BIBB 

increased the hydrophobicity of CNCs, which could lead to the slight aggregation of 

CNC-Br and the edge became vague due to the initiators grafted on CNCs. (Fig. 3-4b) 

After polymerization, the particle size of PDMAEMA-g-CNC dramatically increased to 

over 500 nm due to two reasons: 1) the heavily grafted long-chain PDMAEMA increased 

the size of CNC brush, and 2) the partially positively charged PDMAEMA-g-CNCs 

crosslinked with other CNCs and formed a physical cross-linked nanogel. (Fig, 3-4c) 

While the Q-CNC-1 and Q-CNC-2 shows almost identical morphology with dimensions 

of between 300-500 nm, Q-CNC-3 shows similar structure to non-quaternized 

PDMAEMA-g-CNCs, which will be discussed in the later sections. (Fig. 3-4def) In 

conclusion, the ATRP grafting of PDMAEMA increased the size of CNCs and the 

quaternization could reduce the aggregation and stabilized the Q-CNC particles.  
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Figure 3-4 TEM images of (a) CNCs, (b) CNC-Br, (c) PDMAEMA-g-CNC, (d) Q-CNC-

1, (e) Q-CNC-2, and (f) Q-CNC-3. 

 

3.3.3 Surface charge and colloidal stability of PDMAEMA-g-CNC and Q-CNC 

CNCs extracted via sulfuric acid hydrolysis have excellent colloidal stability 

because of the large amounts of negatively charged sulfate ester groups that retain their 

charge over a wide pH range. The zeta potential of CNCs used in this study were 

determined to be -45 mV. PDMAEMA is known as a pH-responsive polymer because of 

the tertiary ammonium groups on its side chains with a pKa of around 7.4 at room 

temperature.188, 189 The zeta potential and particle size of PDMAEMA-g-CNC is shown in 

Fig. 3-5a. At pH ranging from 4 to 7, PDMAEMA-g-CNC exhibited zeta potential at 

around +20 mV, which can be explained by the protonation of tertiary ammonium groups 
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on the PDMAEMA side chains with the presence of high proton concentration. (Fig. 3-6) 

The particle size increased from 550 nm to over 600 nm with the increasing pH from 4-7, 

which is due the partial deprotonation of amine groups inducing the aggregation of 

PDMAEMA-g-CNC. With the further increase in the pH, the size of PDMAEMA-g-CNC 

decreased due to the shrinkage of the grafted PDMAEMA polymer chains due to 

increasing hydrophobicity after deprotonation. The inset of Fig. 3-5a showed the stability 

of PDMAEMA-g-CNC after 30 min at different pHs. The sample at pH 4 exhibited good 

dispersity, while the rest of samples quickly precipitated in aqueous solution. This can 

also be explained by the densely grafted PDMAEMA which increased the hydrophobicity 

of CNCs, which will be further investigated in the following sections.  

After the quaternization using benzyl bromide, Q-CNC-1 displayed positive zeta 

potential from pH 4 to 11, suggesting the successful quaternization of PDMAEMA. The 

zeta potential still displayed some pH responsiveness due to the deprotonation of un-

quaternized tertiary ammonium groups on Q-CNC-1. The size of Q-CNC-1 ranged from 

400-550 nm and decreased with the increasing pH due the remaining deprotonated 

tertiary ammonium groups that were mildly hydrophobic resulting in a reduction in the 

hydrodynamic radius. Q-CNC-1 shows better dispersity than PDMAEMA-g-CNCs at 

high pH because the permanent positive charge on quaternary ammonium groups that 

stabilized the particles. (Fig. 3-5b inset) Similarly, Q-CNC-2 exhibited positive zeta 

potential among pH 4-11. However, at pH 11, the size of Q-CNC-2 dramatically 

increased to over 1 micron (Fig. 3-5c inset) The surface charge of Q-CNC-2 at pH 11 was 

less than +20 mV, which was insufficient to produce a highly stable suspension. The 

positively charged QA groups and negatively charged sulfate groups on modified CNCs 
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attracted one another and induced aggregation. The difference in the zeta potential 

behaviour between Q-CNC-1 and Q-CNC-2 was due to the different degree of 

quaternization (DQ). It is considered that the quaternizing agent of Q-CNC-2, (2-

bromoethyl) benzene, was a larger molecule and thus had higher steric hindrance which 

led to a lower degree of quaternization. For the same reason, the DQ of Q-CNC-3 was 

very low and it exhibited the same zeta potential pH responsive patterns as PDMAEMA-

g-CNC, hence we hypothesized that the quartenization was not successful. (Fig. 3-5d)  

In general, the zeta potentials of Q-CNC can be used to qualitatively evaluate the 

DQ of PDMAEMA-g-CNCs. As shown in Fig. 3-5d, with higher DQ, the obtained Q-

CNC showed higher overall zeta potential and lower pH responsiveness compared to 

PDMAEMA-g-CNC. Also, for samples with low DQ, aggregation could occur at high pH 

due to the electrostatic interaction between positively charged QA groups and negatively 

charged sulfate groups on Q-CNC. 
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Figure 3-5 Zeta potential and particle size of (a) PDMAEMA-g-CNCs, (b) Q-CNC-1, (c) 

Q-CNC-2. (d) Zeta potential comparison of PDMAEMA-g-CNCs and 3 different Q-CNC 

samples. 

 

Figure 3-6 Protonation of PDMAEMA side chains at low pH.  
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3.3.4 Degree of quaternization determined by titration 

In the previous section, the DQ of Q-CNC-1 and Q-CNC-2 was qualitatively 

evaluated by the zeta potential and colloidal stability. In order to quantitatively estimate 

and compare the DQ using different quaternizing agents, titration tests were performed to 

determine the amount of tertiary ammonium groups (NTA, mmol/g) and quaternary 

ammonium groups (NQA, mmol/g) of the prepared samples. 

NTA of PDMAEMA-g-CNC was determined using 10 mM NaOH as the titrant. 

The sample suspension was adjusted to pH 3.6 to ensure the complete protonation of 

tertiary ammonium groups on PDMAEMA side chains. As shown in Fig. 3-7a, the 

conductivity displayed three linear regions: 1) sharp decrease, 2) slow increase, and 3) 

sharp increase. In the first region, at low pH, the suspension showed high conductivity 

due to the high H+ concentration which has the highest cation mobility. The addition of 

NaOH titrant neutralized H+ ions thereby dramatically reducing the conductivity. In the 

second stage, NaOH reacted with protonated PDMAEMA (Fig. 3-6) resulting in the 

deprotonation of tertiary ammonium groups, which maintained the equilibrium of H+ in 

the solution. The slow increase of conductivity is caused by the addition of Na+ cations. 

In the last linear phase, with the complete deprotonation of tertiary ammonium groups, 

the H+/OH- concentration again became the dominant factor for the conductivity. The 

rapid increase of OH- anions led to the sharp increase of conductivity. Therefore, 

PDMAEMA-g-CNC had an NTA equivalent to the NaOH consumed in the second stage, 

which could be calculated using Eq. (1). The prepared PDMAEMA-g-CNC had NTA of 

4.36 mmol/g.  
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NQA of Q-CNC was determined using 10 mM AgNO3 as titrant. Fig. 3-7bc shows 

the titration curve of Q-CNC-1 and Q-CNC-2, respectively. The conductivity change of 

Q-CNC suspension showed two linear phases. In the first stage, the added Ag+ quickly 

reacted with the Br- counter-ion of quaternary ammonium groups on Q-CNC to form a 

brow precipitate. Therefore, the total ion concentration remained unchanged and the 

conductivity remained constant. In the second phase, AgNO3 had completely reacted with 

all the counter-ions and the excess Ag+ and NO3- led to the increase in conductivity. The 

NQA was calculated by the amount of AgNO3 titrant used in the first linear section using 

Eq. (2). The resulted NQA for Q-CNC-1 and Q-CNC-2 were 2.18 mmol/g and 1.08 

mmol/g, respectively. The titration of Q-CNC-3 did not display the two-phase behavior 

and the quaternization was thus considered unsuccessful.  

Fig. 3-7d shows the NTA of PDMAEMA-g-CNC, NQA of Q-CNC-1 and Q-CNC-2. 

The DQ of Q-CNC-1 and Q-CNC-2 were 50.0% and 24.8%, respectively. For both Q-

CNCs, the DQ was limited due to the steric hindrance of PDMAEMA chains. Due to the 

larger molecule size of (2-bromoethyl) benzene compared with benzyl bromide, Q-CNC-

2 possessed significantly lower DQ. For the same reason, 1-bromo-3-phenylpropane 

could not quaternize PDMAEMA-g-CNC. The antimicrobial effects of the Q-CNC will 

be discussed in the following section. 
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Figure 3-7 Titration results of (a) PDMAEMA-g-CNC by 10 mM NaOH. Titration 

results of (b) Q-CNC-1 and (c) Q-CNC-2 by 10 mM AgNO3. (d) Titration-determined 

tertiary ammonium groups and quaternary ammonium groups.  

 

3.3.5 Antimicrobial tests  

The antimicrobial activity of synthesized Q-CNC was tested by yeast experiment. 

In this experiment, suitable environment with pH 6.0, temperature 42 °C, and glucose 

were used to support the anaerobic metabolism (fermentation) of yeast, which rapidly 

produced ethanol and CO2 in the process. By continuously monitoring the CO2 

production of yeast fermentation, the antifungal activity of Q-CNC could be evaluated.  
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The yeast experiment of un-quaternized PDMAEMA-g-CNC was used as a 

control experiment. As shown in Fig. 3-8a, the antimicrobial activity of Q-CNC-1 was 

tested for a concentration gradient ranging from 50 µg/mL to 200 µg/mL. Compared with 

the control experiment, Q-CNC-1 did not show observable antimicrobial activity at 50 

µg/mL and 100 µg/mL. At 150 µg/mL, the CO2 production had an observable reduction 

of around 30%, suggesting a partial inhibition of yeast. 200 µg/mL exhibited identical 

patterns with 150 µg/mL. The further increase in concentration did not led to a higher 

inhibitory activity. For Q-CNC-2 which had a lower DQ, no observable antimicrobial 

activity was detected at concentration up to 200 µg/mL. (Fig. 3-8b) Generally, both Q-

CNC-1 and Q-CNC-2 did not exhibit expected antimicrobial activities, which could be 

caused by two major factors: 1) the limited DQ of Q-CNC did not provide enough high 

concentration of quaternary ammonium groups, 2) the heavily grafted QA polymers and 

the electrostatic attraction between Q-CNC and yeast led to the aggregation of yeast 

instead of inhibiting the yeast growth. (Fig. 3-9)  

In order to address these problems and improve the antimicrobial activity of Q-

CNC, further research was conducted, and it will be discussed in the following chapter. 
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Figure 3-8 Results of yeast experiments of (a) Q-CNC-1 with gradient concentrations. 

(b) Comparison between Q-CNC-1 and Q-CNC-2. 

 

Figure 3-9 A photograph of yeast experiment treated with 200 µg/mL Q-CNC-1. 
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3.4 Conclusion 

In this chapter, PDMAEMA-g-CNC was successfully synthesized by surface-

initiated ARGET-ATRP. The synthesized PDMAEMA-g-CNC had size ranging from 

550-600 nm and exhibited pH-responsive zeta potential from +20 mV to -20 mV due to 

the protonation and deprotonation of tertiary ammonium groups. The grafted 

PDMAEMA had NTA of 4.36 mmol/g. Quaternization of PDMAEMA-g-CNC was 

conducted using three quaternizing agent: benzyl bromide, (2-bromoethyl) benzene, and 

1-bromo-3-phenylpropane. The DQ of Q-CNC varied because of the steric hindrance of 

larger molecules. The Q-CNC-1 and Q-CNC-2 were successfully synthesized with DQs 

of 50.0% and 24.8%, respectively. The synthesis of Q-CNC-3 was not successful because 

of the high steric hindrance. In the antimicrobial tests, Q-CNC-1 showed 30% of 

inhibition at concentrations higher than 150 µg/mL. However, no observable 

antimicrobial activity of Q-CNC-2 was observed to 200 µg/mL. It is considered that the 

low DQ and heavily grafted QA polymers lead to poor dispersity of Q-CNCs and thus 

limited the antimicrobial activity. These problems will be addressed in the following 

sections. 
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Chapter 4 Effects of chain density and chain length on polymer grafted CNCs  

4.1 Introduction  

In chapter 3, PDMAEMA-g-CNC was successfully synthesized by surface-

initiated ARGET-ATRP. After quaternization, the QCNCs showed positive surface 

charge and antimicrobial activity. Moreover, it was found that the high grafting density of 

PDMAEMA decreased the dispersity of CNCs due to the increased hydrophobicity. Also, 

the high steric hindrance of heavily grafted CNCs inhibited the quaternization of tertiary 

ammonium groups with larger molecules leading to a low degree of quaternization, 

which could reduce the antimicrobial efficiency. Therefore, further study on adjusting the 

grafting density and molecular weight of surface polymerization on CNCs is needed.  

Surface-initiated free radical polymerization (SI-FRP) is the most common 

approach to graft polymers from CNCs surface, which is convenient and straight-

forward.118, 119  However, this method has poor control over the molecular weight and 

grafting density of the polymers grafted from the CNC surface. On the other hand, ATRP 

is a living chain polymerization, and the surface immobilization of initiators allows the 

control of grafting density in the final CNC products.125, 135 Moreover, the kinetics of 

reverse deactivation of ATRP with the presence of Cu(I) metal complex provide 

predictable molecular weight at a specified initiator/monomer concentration.122, 124, 137  

In this chapter, PDMAEMA-g-CNCs with controlled grafting density and chain 

length were synthesized by controlling the initiator and monomer concentrations. The 

surface charge, functional groups and degree of quaternization of PCNCs with various 

grafting densities were compared. The antimicrobial activities of prepared QCNCs were 

evaluated by yeast experiment to optimized this antimicrobial CNCs system. 
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4.2 Experimental procedure 

4.2.1 Immobilization of BIBB initiator on CNCs 

1 g CNCs were dried and dispersed in 100mL DMF by ultrasonication for 30 

mins. The suspension was transferred to a 250 mL round flask and 4 mL TEA, 3.00 g 

DMAP were added. The mixture was then transferred to an ice-bath and stirred at 400 

rpm under nitrogen for 30 min.  Then, different amounts of BIBB (see Table 5) were 

added dropwise to the reaction mixture. After 24 h, the product was thoroughly washed 

with ethanol, and then dialyzed against water for 3 days. The resulting CNC-Br was then 

freeze dried and stored in the fridge.  

Table 5. Summary of BIBB used in the experiment. 

 Control (from chapter 3) High density Low density 

Volume of BIBB added (mL) 6.0 4.0 3.0 

Sample name CNC-Br-vhd CNC-Br-hd CNC-Br-ld 

 

4.2.2 ARGET-ATRP of DMAEMA using CNC-Br initiator  

The details of initiators and amount of DMAEMA used in the experiment is listed 

in Table 6. First, 400 mg CNC-Br (see Table 6) was dispersed in 40 mL DMF by 

ultrasonication for 30 min. The suspension was transferred to a 100 mL round flask and 6 

mg CuBr2, 24 µL PMDETA and 12 mmol/ 6 mmol DMAEMA (see Table 6) were added. 

The mixture was then bubbled with dry nitrogen for 1 h to completely remove the 

remaining oxygen in the system. The suspension was then heated and kept at 60 °C and 

stirrer was set at 400 rpm. The polymerization was initiated by dropwise addition of 5 mL 

(10 mg/mL in DMF) ascorbic acid and the reaction was kept at 60 °C for 24 h. After 
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polymerization, the obtained PDMAEMA-g-CNC was thoroughly washed with THF, 

ethanol, and water, and then dialyzed against water for 3 days. The synthesized sample 

was stored in water suspension and part of the sample was freeze-dried for 

quaternization. 

Table 6. Summary of initiators and amount of monomer used in the experiments. 

 

4.2.3 Quaternization of PDMAEMA-g-CNCs 

50 mg of each PCNC was dispersed in 9 mL DMSO by ultrasonication and 

transferred to a 20 mL flask. 1 mL benzyl bromide was then added, and the reaction were 

kept at room temperature for 24 h. The synthesized Q-CNC was then washed with 

acetone, ethanol, water and then dialyzed with water for 3 days. The obtained samples 

were kept in water suspension. According to the different PCNCs used in the reactions 

(PCNC-vhd, PCNC-hd-L, PCNC-hd-S, PCNC-ld-L, PCNC-ld-S), the subsequently 

synthesized QCNCs were noted as QCNC-vhd, QCNC-hd-L, QCNC-hd-S, QCNC-ld-L, 

QCNC-ld-S, respectively. 

4.2.4 Physical and chemical characterization 

The morphologies of the samples were observed using a Philips CM10 

transmission electron microscope at an accelerating voltage of 60 kV. The transmission 

electron microscopy (TEM) samples were prepared by depositing a droplet of each 

 Control High brush density Low brush density 

Initiator used CNC-Br-vhd CNC-Br-hd CNC-Br-hd CNC-Br-ld CNC-Br-ld 
Chain length Long  Long  Short  Long  Short  

Monomer (mmol) 12.0 12.0 6.0 12.0 6.0 
Sample name PCNC-vhd PCNC-hd-L PCNC-hd-S PCNC-ld-L PCNC-ld-S 
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sample (0.01 wt %, sonicated in an ice bath) in a copper grid, and the excess water was 

removed at room temperature. Fourier transform infrared (FTIR) spectrometry was 

conducted using a PerkinElmer Spectrum Two over the range of 400−4000 cm−1 by 

taking an average of 16 scans (resolution of 4cm−1) to minimize inaccuracy during the 

dynamic scanning. 

4.2.5 Zeta potential measurement 

The average zeta potential measurement was conducted using Zeta-potential 

analyzer (Nanosizer ZS, Malvern, UK) following the same procedure previously 

described in Section 3.2.6. 

4.2.6 Titration of PDMAEMA-g-CNC and Q-CNCs 

The tertiary ammonium groups (NTA, in mmol/g) of PCNCs and the quaternary 

ammonium groups (NQA, in mmol/g) of QCNCs were calculated by titration of NaOH and 

AgNO3, respectively. The titrations and calculations followed the same procedure 

previously described in Section 3.2.7. 

4.2.7 Antimicrobial tests using Saccharomyces cerevisiae (yeast) 

The antimicrobial activity of quaternized PDMAEMA-g-CNC was evaluated 

using yeast as a model microorganism. The carbon dioxide (CO2) production of yeast in a 

30-min period was measured every 150 seconds to quantitatively compare the inhibitory 

effect of different Q-CNCs. The experiment setup is shown in Fig. 3-1. 50 mg yeast and 

50 mg D-(+)-glucose were dissolved and mixed in 5 mL Milli-Q water (pH 6.0) in a 10 

mL flask. After adding CNCs samples, the mixture was move to a water bath at 42 °C 

with stirring at 300 rpm. The flask was then sealed, and the generated CO2 was collected 

and measured using a burette filled with water. 
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4.3 Results and discussion 

In the previous section, PDMAEMA-g-CNC and the quaternized PDMAEMA-g-

CNC were prepared to develop a cationic “CNC polymer brush” with quaternary 

ammonium as effective antimicrobial components. However, with no control of the 

density and molecular weight, the synthesized Q-CNCs showed limited antimicrobial 

efficiency due to the poor dispersity and low degree of quaternization (DQ) resulting 

from the heavily grafted long-chain PDMAEMA polymer. To address these problems, 

the chain density and molecular weight of the grafted polymer were controlled by 

modifying the reaction conditions of ARGET-ATRP. 

4.3.1 Synthesis of PCNCs with controlled chain density and chain length 

PDMAEMA-g-CNC was prepared by surface-initiated ARGET-ATRP using a 

Cu/PMDETA based catalytic system. The grafting density of PDMAEMA was 

determined by the density of immobilized BIBB initiator on the CNCs surface. Therefore, 

by varying the amounts of BIBB used during the grafting of BIBB, the initiator density of 

CNC-Br was controlled, and the PDMAEMA grafting density was controlled. (Fig. 4-1a) 

The CNC-Br samples were denoted as CNC-Br-vhd (very high density), CNC-Br-hd 

(high density), and CNC-Br-ld (low density) according to the amounts of BIBB initiator 

used (6 mL, 4 mL, and 3 mL respectively). In the previous chapter, CNC-Br-vhd was 

used to prepared PDMAEMA with very high grafting density and chain length, which 

however inhibited the quaternization reaction. Therefore, CNC-Br-hd and CNC-Br-ld 

were prepared to graft less dense PDMAEMA to enhance the dispersity and DQ of the 

sample. Fig. 4-2 shows the FTIR results of CNC, CNC-Br with different BIBB grafting 
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densities. The peak at 1744 cm-1 is attributed to the C=O stretching vibration of the 

immobilized BIBB initiator. With the increasing initiator grafting density, the intensity of 

the peak increases due to the higher amount of C=O presented in the samples. Also, the 

broad peak ranging from 3100 cm-1 to 3600 cm-1 indicates the O-H stretching of the 

hydroxyl groups on pristine CNCs surface. With the further esterification of initiators, the 

intensity of the O-H peak significantly decreases due to the substitution of hydroxyl 

groups. These changes in IR transmittance provide evidence for the different grafting 

density of initiator and the control over polymer chain grafting density. 
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Figure 4-1 (a) A schematic illustration of synthesizing CNC-Br macro-initiators with 

different initiator densities and the subsequently obtained PCNCs with different grafting 

densities. (b) A schematic illustration of the expected Q-CNCs with different chain 

densities and chain lengths. 
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Figure 4-2 FTIR results of CNC (black), CNC-Br-ld (blue), CNC-Br-hd (orange), and 

CNC-Br-vhd (red). 

ATRP is one type of controlled living radical polymerization (CRP), where the 

initiation, propagation, and chain transfer are reversible with the assistance of the 

transition metal species (Cu in this case). Due to the characteristics of living chain 

polymerization, the PDI is usually narrow and the molecular weight has a linear 

relationship with the monomer conversion. Therefore, given enough polymerization time 

and the same initiator concentration, the chain length of PDMAEMA can be controlled 

by the monomer concentration in the reaction. By using two CNC-Br initiators of 

different chain density and controlling the monomer concentration at 12 mmol and 6 

mmol, a total of four PDMAEMA-g-CNC were synthesized. These were designated as 
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PCNC-hd-L, PCNC-hd-S, PCNC-ld-L, PCNC-ld-S, according to the chain density and 

chain length of grafted PDMAEMA. (Fig. 4-1b) The previously prepared PDMAEMA-g-

CNC in Chapter. 3 was denoted as PCNC-vhd due to the extremely high grafting density 

and it was used as a control sample in this evaluation. 

The PCNCs samples were quaternized using benzyl bromide to ensure a high 

degree of quaternization (DQ). The characterization of the zeta potential, degree of 

polymerization, and antimicrobial activity will be discussed in the following sections.  

 

4.3.2 Morphology of prepared PCNCs samples 

The TEM images of CNCs and prepared PCNCs are shown in Fig. 4-3. Pristine 

CNCs extracted via sulfuric acid hydrolysis possessed negative surface charge due to the 

sulfate ester groups on the surface. Therefore, CNCs showed excellent colloidal stability 

and individual CNCs had clear edges and the average length of CNCs were around 300 

nm. (Fig. 4-3a) TEM image of PCNC-vhd (Fig. 4-3b) showed large, aggregated particles 

with dimensions over 600 nm due to the heavily grafted PDMAEMA polymers and 

crosslinks between CNCs, which has been discussed in the previous chapter. PCNC-hd-L 

and PCNC-hd-S showed very similar morphology with some aggregations and visible 

rod-shape CNCs with diameters of 300-500 nm. (Fig. 4-3cd) These two samples 

displayed large particles formed by cross-linked PCNCs, but the edges were much more 

visible and the thickness of stacked CNCs was much smaller because of the reduced 

grafting density of PDMAEMA. Similarly, with lower grafting density, PCNC-ld-L and 

PCNC-ld-S showed better dispersity and smaller particle size, with a diameter of 200-400 

nm. (Fig. 4-3ef) 
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Figure 4-3 TEM image of (a) CNCs, (b) PCNC-vhd, (c) PCNC-hd-L, (d)PCNC-hd-S, (e) 

PCNC-ld-L, and (f) PCNC-ld-S. 

 

4.3.3 Surface charge of synthesized PCNCs and Q-CNCs 

As discussed in the previous chapter, PDMAEMA is a weak polyelectrolyte with 

a pKa at around 7.4, which makes the surface charge of PDMAEMA-g-CNC pH-

responsive due to the protonation and deprotonation of tertiary ammonium groups. (Fig. 

3-6) Therefore, as a control experiment, previously synthesized PCNC-vhd possessed 

zeta potential at around +20 mV at pH ranging from 3 to 7, which decreased to -20 mV at 

high pH. The zeta potential of PCNC-hd and QCNC-hd are shown in Fig. 4-4a. Both 

PCNC-hd-L and PCNC-hd-S exhibited similar pH-responsive behavior, which confirmed 

the successful grafting of PDMAEMA. Both samples showed high zeta potential around 
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+40 mV at pH 3 and decreased to +25-30 mV at pH 7. At pH 9-11, they were negatively 

charged because of the complete deprotonation of tertiary ammonium groups while the 

sulfate groups on CNCs surface remained negatively charged. After quaternization, both 

QCNC-hd-L and QCNC-hd-S remained positively charged at pH between 3 to 11, 

suggesting the quaternization was successful. The zeta potential decreased with 

increasing pH because the unquaternized tertiary ammonium groups deprotonated at high 

pH and reduced the total amount of positive charges on the surface. Compared with 

previously synthesized PCNC-vhd, both PCNC-hd-L and PCNC-hd-S possessed higher 

zeta potential at pH 3, which could be explained that the improved dispersity with the 

slight reduction in the grafting density.  

Fig.4-4b shows the surface charge characteristics of PCNC-ld-L, PCNC-ld-S, and 

their quaternized samples. The general zeta potential results followed the same pH-

responsive behaviour of PCNCs and QCNCs. Compared with PCNC-hd, there are two 

major difference: 1) At pH 3, both PCNC-ld-L and PCNC-ld-S showed lower zeta 

potential than PCNC-hd. This was caused by the difference in tertiary ammonium groups 

on the surface. This trend was also displayed by Q-CNCs with different grafting 

densities. 2) At pH 11, there was an obvious increase in the zeta potential of PCNCs and 

QCNCs with lower chain density, which was not observed previously. It is considered 

that the low chain density made it easier for the base to react with surface sulfate ester 

groups on the CNC surface.190 The partial desulfation of CNCs led to the change in net 

charge of the nanoparticle, which increased the zeta potential but did not affect the total 

amount of tertiary/ quaternary ammonium groups. 
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In conclusion, both PCNCs with high chain density and low chain density were 

successfully synthesized and subsequently quaternized using benzyl bromide. Compared 

with PCNC-vhd, both PCNC-hd and PCNC-ld showed better dispersity and higher zeta 

potential at low pH. PCNC-hd generally exhibited higher zeta potential than those of 

PCNC-ld at pH 4 due to the higher amount of positively charged functional groups, 

which also yielded the same trend as QCNCs. The low grafting density made it easier for 

the hydrolysis of sulfate groups on CNCs, which could lead to an increase in zeta 

potential at pH 11.  

Figure 4-4 Zeta potential of (a) PCNCs and QCNCs with high grafting density, (b) 

PCNCs and QCNCs with low grafting density. 
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4.3.4 Degree of quanternization determined by titration 

In the previous chapter, PCNC with very high grafting density of PDMAEMA 

was prepared and quaternized. However, it is considered that the extremely high chain 

density resulted in poor dispersity and high steric hindrance, which were both 

unfavorable for achieving a high DQ during the quaternization. Therefore, in this chapter, 

four different PCNCs with various grafting densities and chain lengths were prepared to 

investigate the relationship between DQ and polymer grafting on CNCs. In order to 

quantitatively estimate and compare the DQ for different grafting density and chain 

length, conductometric titrations were performed to determine the amount of tertiary 

ammonium groups (NTA, mmol/g) and quaternary ammonium groups (NQA, mmol/g) of 

the prepared samples. 

As previously explained in section 3.3.4, the NaOH titration of PCNCs usually 

lead to the conductivity change in three different linear regions: 1) sharp decrease, 2) 

slow increase, and 3) sharp increase. (Fig. 4-5abcd) Briefly, this phenomenon was caused 

by the effect of deprotonation of tertiary ammonium (TA) groups on the cation/ anion 

concentration change in the suspension. The sharp change in conductivity resulted from 

the high mobility of H+ and OH- in the solution, while the existence of pH responsive TA 

groups reacted with NaOH and slowed down the conductivity change. Thus, PCNC had 

the equivalent NTA as the NaOH consumed in the second stage, which could be calculated 

using Eq. (1).  Similarly, the reaction between halide counter ions on quaternary 

ammonium groups and Ag+ precipitated the ions and reduced the conductivity, which 

could be used to calculate the NQA of a QCNC sample via Eq. (2).  (Fig. 4-5ef)  
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The NTA and NQA of the prepared PCNC, QCNC samples are shown in Fig 4-6a. 

As a control sample, PCNC-vhd possessed very high grafting density and long chain 

length, with a high NTA of 4.36 mmol/g. By slightly reducing the amounts of BIBB used 

in the experiment, PCNC-hd-L and PCNC-hd-S with high grafting density (but lower 

than the control sample- PCNC-vhd), while PCNC-ld-L and PCNC-ld-S had the lowest 

polymer chain density. By comparing PCNC-vhd (4.36 mmol/g), PCNC-hd-L (2.92 

mmol/g), and PCNC-ld-L (1.68 mmol/g), we observed that with the same amount of 

monomer used during polymerization, a higher chain density resulted in a higher NTA 

loading. This is because the heavier the polymers were grafted, the higher mass 

proportion it took regarding to the total mass of the PCNC. By comparing PCNC-hd-L 

(2.92 mmol/g) with PCNC-hd-S (1.68 mmol/g), PCNC-hd-S had more than ½ NTA over 

that of PCNC-hd-L despite the doubling of the molar concentration of monomers used in 

PCNC-hd-L. Also, the same trend was observed for PCNC-ld-L (0.78 mmol/g) and 

PCNC-ld-S (0.54 mmol/g), which indicated that the monomers in SI-ATRP of CNCs 

were not completely consumed. It is considered that the limited space on the CNC 

surface led to a maximum molecular weight for a given polymer grafting density because 

of the increasing steric hindrance during the polymerization, which hindered the chain 

propagation due to steric hindrance.  

The DQ of the various QCNCs was calculated using Eq. (3) and shown in Fig. 4-

6b. The control sample of previously synthesized QCNC-vhd with very high chain 

density displayed the lowest DQ of 50.0%. By comparing QCNC-vhd (50%), QCNC-hd-

L 73.9%), and QCNC-ld-L (88.0%), it was evident that a lower grafting density of 

PDMAEMA led to a higher DQ. It is because the high grafting density increased the 
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steric hindrance of quaternization resulting in a lower yield. Also, by comparing QCNC-

hd-L (73.9%) with QCNC-hd-S (64.2%), and QCNC-ld-L (88.0%) with QCNC-ld-S 

(75.9%), we observed that with the same grafting density, longer chain length of 

PDMAEMA led to a higher DQ. It is suggested that the side groups of PDMAEMA-g-

CNC on longer polymer chains had less steric hindrance and could be quaternized more 

easily.  

In conclusion, the amounts of tertiary ammonium groups on PCNC was 

determined and calculated by NaOH titration, while the quaternary ammonium groups 

were determined from AgNO3 titration. It is found that the total NTA decreased with lower 

grafting density and polymer chain length. Also, we speculated that with the same 

grafting density, the steric hindrance prevented the complete conversion of monomers. 

Moreover, the DQ of QCNC is related to both grafting density and chain length. The 

lower grafting density and longer chain length led to a higher DQ due to the reduced 

steric hindrance.  
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Figure 4-5 Titration curves of (a) PCNC-hd-L, (b) PCNC-hd-L, (c) PCNC-ld-L, and (d) 

PCNC-ld-S by 10 mM NaOH.  Titration curves of (e) QCNC-hd-L and QCNC-hd-S, (f) 

QCNC-hd-L and QCNC-hd-S by 10 mM AgNO3. 

Figure 4-6 (a) NTA and NQA of prepared PCNCs and QCNCs determined by titration. (b) 

DQ of QCNC samples. 
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4.3.5 Antimicrobial tests  

The antimicrobial activity of d Q-CNC was tested using the yeast experiments. 

For this experiment, an optimal condition of pH 6.0, temperature 42 °C, and glucose were 

utilized to support the anaerobic metabolism (fermentation) of yeast, which rapidly 

produces ethanol and CO2. By continuously monitoring the CO2 production of yeast 

fermentation, the antifungal activity of Q-CNC can be evaluated.  

The yeast experiment of un-quaternized PCNCs were used as the control 

experiments. As shown in Fig. 4-7a, the antimicrobial activity of QCNC-hd-L was tested 

for a concentration ranging from 100 µg/mL to 1000 µg/mL. Compared to the control 

experiment, QCNC-hd-L showed a 25% of yeast metabolism inhibition at 100 and 300 

µg/mL, 55% at 600 µg/mL, and complete inhibition at 1000 µg/mL. Fig. 4-7b shows the 

antimicrobial activity of QCNC-hd-S. With shorter polymer chain length, QCNC-hd-S 

showed 25% inhibition with concentrations up to 1500 µg/mL. At 2000 µg/mL, QCNC-

hd-S also fully inhibited the activity of yeast. Fig. 4-7cd shows the antimicrobial activity 

of QCNC-ld-L and QCNC-ld-S. Both samples did not show complete inhibition of yeast 

at 2000 µg/mL. Compared with QCNC-ld-S, QCNC-hd-L showed stronger antimicrobial 

activity, with 68% inhibition at 2000 µg/mL.  

However, the antimicrobial activity of QCNC was determined by the effective 

quaternary ammonium groups in each sample. The measurement of mass minimum 

inhibitory concentration reflects the overall antimicrobial property of QCNC, but the 

differential comparison in terms of polymer grafting density and chain length requires the 

equivalent effective group (QA group) concentration. Figure 4-8 shows the antimicrobial 

test results of the synthesized QCNC samples with the same quaternary ammonium group 
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concentration at 10-3 mmol. With the same quaternary ammonium group concentration, 

QCNC-ld-L exhibited the best antimicrobial activity with a 65% inhibition. While 

QCNC-hd-L showed the second-best antimicrobial efficiency with a 54% inhibition. 

QCNC-ld-S and QCNC-hd-S showed lower antimicrobial activities with 30% and 20% 

inhibition, respectively. 

Generally, two trends could be observed from the yeast experiments: 1) With the 

same polymer grafting density, QCNC with longer polymer brush displayed better 

antimicrobial activities. 2) QCNC with low grafting density showed an overall better 

antimicrobial efficiency than QCNC with high grafting density. It is considered that the 

concentration of effective quaternary ammonium groups was the major factor that 

contributed to the antimicrobial activity of QCNCs. And the antimicrobial activity of 

QCNC in terms of grafting density and chain length largely consists with the difference 

in DQ, where QCNC-ld-L showed both highest DQ and best antimicrobial activity at the 

same QA concentration. 
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Figure 4-7 Results of yeast experiments of (a) QCNC-hd-L, (b) QCNC-hd-S, (c) QCNC-

ld-L, (d) QCNC-ld-S with a concentration gradient. 
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Figure 4-8 Compiled results of yeast experiments of QCNC samples at 10-3 mmol 

quaternary ammonium groups concentration. 
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4.4 Conclusions 

In this chapter, PDMAEMA-g-CNCs with controlled grafting density and chain 

length were synthesized. A total of 4 samples, namely, PCNC-hd-L, PCNC-hd-S, PCNC-

ld-L, and PCNC-ld-S were successfully prepared by ARGET-ATRP using CNC-Br 

macro-initiators synthesized with reduced grafting density. The prepared PCNCs were 

subsequently quaternized using benzyl bromide. The prepared PCNCs samples showed 

pH responsive zeta potential ranging from +40 to -20 mV from pH 3-11, while the 

quaternized QCNCs exhibited permanent positive charge among all pH, indicating the 

successful quaternization. The DQ of the prepared QCNCs for the different grafting 

density and chain length of PDMAEMA were studied by conductometric and silver 

nitrate titrations. Among them, QCNC-ld-L showed the highest DQ of 88% with NTA of 

0.78 mmol/g and NQA of 0.69 mmol/g. It was discovered that the total NTA decreased with 

lower grafting density and polymer chain length and the lower grafting density and 

longer chain length led to higher DQ due to the decreased steric hindrance. In the yeast 

experiments, QCNC-ld-L possessed the best antimicrobial activity with a MIC of 1000 

µg/mL. However, with the same quaternary ammonium group concentration, QCNC-ld-L 

showed the best antimicrobial activity, which consist with the highest DQ of this sample. 

It is considered that the antimicrobial activity was closely related to the concentration of 

effective groups on QCNCs. Also, at the same effective group concentration, QCNC with 

low grafting density and long chain length showed better antimicrobial activity. 
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Chapter 5 Conclusions and plans for future study 

In summary, CNC based antimicrobial nanomaterials were successfully prepared 

by grafting poly(diethylaminoethyl methacrylate) (PDMAEMA) via surface-initiated 

ARGET-ATRP and quaternizing the grafted polymer chains. The grafting density and 

molecular weight of the PDMAEMA-g-CNC were controlled by adjusting the surface 

initiator immobilization and monomer concentrations. After polymer grafting, the 

obtained PCNCs showed pH responsiveness due to the protonation of tertiary ammonium 

functional groups. These samples were subsequently quaternized to obtain quaternary 

ammonium polymer grafted CNCs. The degree of quaternization of different 

PDMAEMA-g-CNCs with various grafting density and chain length were evaluated by 

titration, and the antimicrobial activity was tested. It was found that smaller quaternizing 

agents, lower chain density and longer chain length led to a higher degree of 

quaternization that enhanced the antimicrobial activity of the Q(PDMAEMA)-g-CNC, up 

to 88% with NTA of 0.78 mmol/g and NQA of 0.69 mmol/g. Consistent with the DQ results, 

QCNC-ld-L displayed the best antimicrobial activity with a 65% of inhibition at 10-3 

mmol QA concentration. It is considered that in this QA polymer grafted CNCs system, 

low grafting density and long chain length improve the antimicrobial activity of the CNC. 

These findings could be applied to optimize the CNC ATRP surface grafting systems and 

they could be potentially used in applications, such as Pickering emulsion, antimicrobial 

and drug delivery. 

It is recommended that a quantitative measurement of initiator grafting density 

and polymer molecular weight can be performed to achieve a more precise control of the 

grafted polymer. Due to the poor dispersity of pristine CNCs in most organic solvents, it 
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is suggested that an alternative solvent-free method for initiator immobilization can be 

studied. Also, pre-treatment of CNCs or post-treatment of PCNCs can be performed to 

remove the negatively charged sulfate groups on CNCs to further improve the stability 

and antimicrobial activity of this system. Apart from this, further studies on the 

hydrophobicity and antimicrobial activity can be investigated. In the future work, more 

quaternizing agents (organic halides) can be tested to optimize the DQ and antimicrobial 

activity of this systems.  
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