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1 Introduction and outline of the study

Nanotechnology is a rapidly growing field of science, which is particularly interesting for researchers since 

the early 90s of the last century. This area has become an integral part of modern technology and becoming a

part of our daily life (Lu 2013). The production of nanoproducts and nanoparticles (NPs), which have novel 

size-related physico-chemical properties differing significantly from their counterparts existing at the macro 

scale (Ju-Nam, Lead (2008), are used in innovative products and processes. Recent advances in nanoscience 

and nanotechnology have significantly changed the process of diagnosis, treatment, and prevention of various 

diseases in all aspects of human life (Baetke et al. 2015, Gurunathan et al. 2015, Zhang et al. 2016). Silver 

nanoparticles (AgNPs) are one of the most attractive nanomaterials due to their unique physical, chemical and 

biological properties among several metallic nanoparticles that are involved in biomedical applications. AgNPs 

play an important role in nanoscience and nanotechnology, particularly in nanomedicine. The interest in 

AgNPs has been focused on potential applications in cancer diagnosis and therapy, antibacterial, antifungal,

antiviral, anti-inflammatory and anti-angiogenic activity (Kholoud et al. 2010, Guo et al. 2013, Wei et al. 

2015).

There is a rapidly growing interest in the research community to manufacture silver nanoparticles in a 

sustainable way by using naturally occurring, biodegradable stabilizers and reducing agents (Sharma et al. 

2009, Raveendran et al. 2003, Abdelgawad et al. 2014). Natural polysaccharides such as cellulose, chitosan, 

heparin, and starch have been used as stabilizers for silver nanoparticle synthesis (Raveendran et al. 2003, 

Huang and Yang, 2004, Wei et al. 2009, Ifuku et al. 2009). Polysaccharides mediate silver nanoparticle 

formation mainly by using their abundant hydroxyl groups, which can complex silver ions through ion–dipole 

interactions and can also sterically stabilize the silver nanoparticle surface through nucleophilic interaction 

with the outermost orbitals of metal atoms (Raveendran et al, 2003, He at al. 2003). The surface charge of the 

polysaccharide (e.g. in the form of cellulose fibers) and silver nanoparticles are known to play a major role in 

defining the nature of fiber- nanoparticle interactions (Song et al. 2012). One major advantage of using 

polysaccharides as stabilizing agents is that the reversible weak nanoparticle–polysaccharide interaction makes 

it easy to separate the nanoparticles for further modifications if needed for given applications.
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Cellulose is the most abundant renewable natural resource for biopolymers, and its chemistry and material 

properties are rather well characterized. Fibrillated celluloses, manufactured by mechanical treatments, or with 

a combination of chemical, enzymatic or mechanical treatment, can be considered as a class of cellulose 

nanofibrils. Nano-sized celluloses have many unique properties different from micro- or millimetre sized 

cellulose fibres, which make them attractive for several applications relevant to the fields of material science 

and biomedical engineering. Acid treatment of naturally occurring cellulose results in the hydrolysis of 

amorphous domains leaving behind rod-like cellulose nanocrystals (CNCs), which consist of parallel hydrogen 

bonded cellulose chains; these CNCs have tremendous potential in a host of applications owing to their unique 

chemical and mechanical properties (Habibi et al. 2010, Moon et al. 2011, Klemm et al. 2011). Using nanoscale 

materials, in general, help minimize the amount of material used due to their high specific surface area. 

The surface charge of cellulose nanofibrils varies based on the different method of treatment. Cellulose 

nanocrystal obtained via sulfuric acid hydrolysis contain sulfate ester groups on the surface of cellulose 

nanofibrils, making them colloidally stable in aqueous suspensions. Harsher treatment such as longer treatment 

time with sulfuric acid causes higher degree of sulfation (Dong et al. 1998). Cellulose nanocrystals treated 

with hydrochloric acid or acetic acid hydrolysis result in hydroxylated (Beck-Candanedo et al. 2005) or 

acetylated (Braun, Dorgan 2009) surfaces.

Some studies have suggested the use of cellulose, either as a reducing or as capping agent for silver 

nanoparticles synthesis. There are also many reports in the literature concerning the synthesis of AgNPs by

using nanocellulose (Wu et al. 2008, Cirtiu et al. 2011, Drogat et al. 2011, Martins et al. 2012, Xiong et al 

2013). In these efforts, CNF, CNC and carboxylated CNC were used to synthesize silver nanoparticles for 

antimicrobial activity or to develop functional aerogels. Moreover, CNC were not only used for the  synthesis 

of silver but also other metal nanoparticles such as copper, gold, nickel and palladium-silver alloy (Padalkar 

et al. 2010, Liu et al. 2011, Shin et al. 2008). In contrast with the present work, most of the research so far have 

mainly focused on the quantity and morphology of the obtained nanoparticles. However, a detailed mechanistic 

understanding regarding the role of CNC surface chemistry in silver nanoparticle synthesis and stability

remains unexplored and, most often, the mechanistic understanding is based on interpretations from other 

forms of cellulose or polysaccharides rather than direct evidence from studies performed using CNCs. 



 

3 
 

One objective of this work was to explore how the surface charge of the cellulose nanofibrils affect the 

nucleation, growth, growth kinetics, and stability of silver nanoparticles synthesis process (papers I & II). We

synthesized silver nanoparticles by reduction of metal salt using sodium borohydride as a reducing agent in 

aqueous medium. Sulfated CNC was obtained by sulfuric acid hydrolysis, partially desulfated CNC was 

obtained by treating sulfated CNC with sodium hydroxide, CNC may also obtained by hydrochloric acid (HCl) 

hydrolysis and carboxylated CNC with varying carboxyl groups content was obtained by controlled TEMPO 

oxidation. All were used to understand the role of CNC surface chemistry on silver nanoparticle synthesis. The 

fundamental knowledge of controlled nucleation of silver nanoparticles by cellulose was then used for the 

development of a paper-based protein sensor and an antimicrobial cellulose aerogel. The paper-based protein 

sensing was carried out using Surface Enhanced Raman Spectroscopy (SERS) and UV-Vis spectroscopy 

techniques in paper III. Cellulose nanofibrils (CNFs) and functionalized cellulose nanofibrils (TEMPO-

oxidized CNFs) and cationic-CNF, were used to immobilize enzyme and to prepare aerogels containing

antimicrobial enzyme (lysozyme) and silver nanoparticles. The antimicrobial effect of the aerogels was

determined against gram negative and gram positive bacteria, Escherichia coli and Staphylococcus aureus,

respectively, in paper IV. 
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2 Background
2.1 Cellulose

Cellulose is the most abundant natural polymer with unique structure and properties e.g. non-toxicity,

biodegradability, high tensile strength, high thermal stability, low conductivity, and high extent of hydroxyl (–

OH) side groups that can be used in grafting of chemical species to achieve different surface, rheological, and 

optical properties (Moon et al. 2011). It is estimated that about 1011 to 1012 tons of cellulose are synthesized 

annually by photosynthesis (Klemm et al. 2004). The largest sources of cellulose for industry purposes are 

wood and cotton (Klemm et al. 2005). These materials have been used for centuries as a source of heat or as a 

construction material, or for manufacturing of commodities in textile and paper industries. During the last few 

decades, there has been an increased interest towards cellulose products and materials derived from cellulose.

This is due to the growing desire for sustainable, biodegradable, renewable, environmentally friendly,

nonpetroleum materials.

Cellulose is a linear homopolymer consisting of D-anhydroglucopyranose units (AGUs) that are linked

together by -(1-4)-glycosidic linkages (Samir et al. 2005) (Figure 1). The intra-chain hydrogen boding 

between hydroxyl groups of the adjoining glucose molecules give the stiff and linear configuration of the 

cellulose chain. The length of the cellulose chain is characterized as the degree of polymerization (DP), that 

is, the number of anhydgroglucose units linked together. In nature, the DP of cellulose chains varies from

to ive cotton (Sjoström 1993). Cellulose is insoluble in 

water when the DP is over 6 (Nehls et al. 1994), due to its remarkable affinity to form inter-chain hydrogen 

bonding with neighboring cellulose chains. An alternative view for the insolubility of cellulose is based on its 

hydrophobic interactions due to the amphiphilic nature of cellulose (Medronho et al. 2012). 
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Figure 1. Molecular structure of cellulose with repeating cellobiose units.

The molecular structure of cellulose is simple, but the most exceptional properties are due to its supramolecular 

structure (Bergenstrahle et al. 2008, Peciulyte et al. 2015). Cellulose chains have a tendency to aggregate, and 

therefore, the biosynthesis of cellulose begins with the assembly of the chains into bundles or elementary fibrils

(Figure 2). The strong hydrogen bonding gives the rigidity for the cellulose fibrils, which together with low 

solubility in water, leads to a strong tendency to build ordered structures. Therefore in the nature, the 

elementary fibrils self-assemble into fibrillar bundles, cellulose nanofibrils (CNFs) that, in turn, assemble into 

lattices within the fiber cell wall (Moon et al. 2011).
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Figure 2. Schematic representation of the hierarchical structure of cellulose from wood (Adapted from Kim 

et al. 2015).

Elementary fibrils comprise both crystalline and amorphous, low ordered, cellulose regions (Mark 1940,

O'Sullivan 1997). Within the crystalline regions, cellulose chains are tightly and orderly attached to each other.

In the amorphous regions, however, the cellulose chains are loosely packed into a disordered structure. 

Crystalline cellulose has four polymorphs (I, II, III, and IV). Cellulose I is the crystalline cellulose that is 

naturally produced by trees, plants, tunicates, algae and bacteria. Depending on the source of cellulose, native 

cellulose (cellulose I) has been found to exhibit two different

(Atalla, Vanderhart 1984). is the dominant crystalline structure from  native 

cellulose produced by bacteria (Yamamoto, Horii 1994) and algae (Yamamoto, Horii 1993), whereas cellulose 

and tunicate cellulose (Belton 

et al. 1989). The structure of cellulose I is thermodynamically metastable and can be converted to either 

cellulose II or III. Cellulose II is the most stable structure of technical relevance and can be produced by two 

processes: regeneration (solubilization and recrystalization) and mercerization (aqueous sodium hydroxide
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treatment) (Klemm et al. 2005). Cellulose III can be formed from cellulose I or II through liquid ammonia 

treatments, and subsequently thermal treatments can then be used to form Cellulose IV. The most significant 

forms, cellulose I (parallel) and II (anti-parallel stacking of the molecules) represent native and regenerated 

cellulose, respectively.

In the wood cell wall, elementary fibrils pack into microfibrils that are the building blocks of the wood cell 

wall. In the cell wall, the microfibrils are glued together mainly by hemicelluloses and pectin. The structure of 

wood fibers are composed of different cell wall layers: The middle lamella (ML), the primary cell wall (P) , 

and secondary cell wall layers S1 S2 and S3 (Coté 1981).The middle lamella (ML), which is mainly composed 

of lignin and pectin, is found between the wood cells, ensures the adhesion of a cell with its neighbors. The 

primary cell wall (P), which is made up of several layers of microfibrils, is arranged randomly within this wall. 

These cell wall layers are chemically diverse and the chemical composition between these layers differ 

(Sjöström 1993). Cellulose is mainly located in the sublayers of the secondary cell wall. The S2 layer is the 

most important cell wall layer in wood fibers by virtue of its thickness and high cellulose content (Krässig 

1993).

2.2 Cellulose nanomaterials

Cellulose nanofibrils are often used as a general term for different types of nano- and micro-sized cellulosic 

particles (Lavoine 2012, Kangas 2014). Particles with at least one external dimension below 100 nm are 

referred to as nanomaterials. Cellulose nanomaterials derived from wood fibres are completely renewable. 

Nano-sized cellulose materials have many unique properties different from whole cellulose fibres, which make 

them attractive for several applications relevant to the fields of material science and biomedical engineering.

(Moon et al. 2011). The exceptional strength characteristics of cellulose nanomaterials can be used in strength 

enhancement in packages and lightweight composites; rheology modifiers in e.g. coatings, paints, food, and 

cosmetics; barrier materials in food contact materials; and as porous and absorbent materials for various 

purposes (Klemm et al. 2011). Depending on the dimensions, composition, and properties of cellulose 

nanomaterials obtained, cellulose nanofibrils can be divided into two main categories: (i) cellulose nanofibrils 

(CNF), also known as nanofibrillated cellulose (NFC) and (ii) cellulose nanocrystal (CNC). The production of 

CNF is based on mechanic treatments while CNC is produced by using acid hydrolysis. 
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2.2.1 Cellulose nanofibrils (CNFs)

The typical raw material for both CNF and CNC is bleached wood pulp made using chemical pulping. In 

chemical pulping, wood cells are liberated by dissolving non-cellulosic wood components (lignin, 

hemicellulose, etc.) out from the cell matrix (Smook 1992, Biermann 1996). When CNF is produced by using 

mechanical energy with or without chemical or enzymatical pretreatments produce thick nanofibrillar bundles

(Turbak et.al. 1983, Hubbe et al. 2008, Siro, Plackett 2010, Habibi et al. 2010). The mechanical treatment can 

be done by using pressure homogenizers, grinders, cryocrushing, high intensity ultrasonic treatment, or 

microfludization (Zimmermann et al. 2010, Iwamoto et al. 2007, Dufresne et al. 1997, Wang, Cheng 2009). In 

general these processes produce a high shear that causes transverse cleavage along the longitudinal axis of the 

cellulose microfibrillar structure, resulting in the separation of cellulose fibrils. Typically, chemical or 

enzymatical pretreatments are combined with the mechanical treatment to ease the fibrillation and lower the 

energy consumption. Chemical pretreatment followed by the mechanical pretreatment of the pulp with the 

chemical 2, 2, 6, 6-Tetramethylpiperidine-1-oxyl radical mediated oxidation (TEMPO-oxidation) (Saito, 

Isogai 2004), or carboxymethylation (Wagberg et al. 2008) can be used to make cellulose nanofibrils easier by 

introducing charges to the fiber surface, which in turn increase the interfibril repulsive forces and swelling

(Johnson et al. 2009). In enzymatic pretreatment, cellulase enzymes are used (Filson et al. 2009, Pääkko et al.

2007). The enzymatic methods do not alter the surface chemistry of cellulose microfibrils, and thus the 

chemical properties of microfibrils produced are similar to the raw material used.

In aqueous suspension, cellulose nanofibrils (CNFs) form a stiff gel already at low solids content (<2%), due 

to their high hydrogen bonding ability (Herrick et al. 1983). Cellulose nanofibrils can be used in numerous

applications due to the high viscosity they produce at low concentrations, their aspect ratio (4-20 nm wide, 

500-2000 nm in length) and other characteristics including large surface area, stiffness, low thermal expansion, 

optical transparency, shear thinning behavior, mechanical and barrier properties, renewability, 

biodegradability, low cost and low toxicity (Habibi et al. 2010,Brinchi et al. 2013) Therefore, CNFs have 

been employed as food additives, in transparent flexible films for packaging, in barrier coating, in composites

and to produce bioactive materials inorganic/organic hybrids, gels, foams, filaments, composites for metal ions
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removal, water purification among others (Nogi et al. 2009, Zhang et al. 2013, Karim et al. 2016, Voisin et al. 

2016).

2.2.2 Cellulose Nanocrystal (CNC)

The typical raw material for CNC is bleached wood pulp made using chemical methods. Cellulose nanocrystals

(CNCs) have widths of 5-10 nm and lengths between 100 nm to several micrometers (Eichhorn et al. 2010).

The common process to manufacture CNC from cellulose fibers is based on acid hydrolysis, by applying 

typically hydrochloric or sulfuric acid (Edgar, Gray 2003). In acid hydrolysis, the disordered or paracrystaline 

regions of cellulose are preferentially hydrolyzed, whereas crystaline regions have a higher resistance to acid 

attack and therefore remains intact (Ruiz et al. 2000, Angles, Dufresne 2001). The morphology and crystalinity 

of the CNC obtained by acid hydrolysis change compared to the original cellulose fiber from which they are 

obtained. The processing conditions used during the hydrolysis process, such as reaction time, the temperature 

used and others, are very critical in controlling the yield and quality of CNCs (Kargarzadeh et al. 2012, George,  

Sabapathi, 2015). After hydrolysis, homogenous crystalites generate and the crystalinity is confirmed by

different spectroscopic methods such as X-ray crystal diffraction, electron microscopy, (Schurz, John 1975) 

small angle X-ray diffraction (Yachi et al. 1983) and neutron diffraction analysis (Nishiyama et al. 2003).

Depending on the cellulose source materials, CNCs have different geometrical dimensions. The reported 

widths of CNC are usually approximately few nanometers, but the length can vary from 10 nm to several

micrometers. As an example, CNC from cotton, for instance, are 6-70 nm in width and 50-300 nm in length

(Elazzouzi-Hafraoui et al. 2008). However, CNC from tunicates and sea animals are larger, 10-20 nm in width 

and 500-2000 nm in length (Angles, Dufresne 2001). CNC made from wood are comparatively smaller (width

of 3-5 nm and length between 100-200 nm) (Akari et al. 1998, Beck-Candenado et al. 2005). The aspect ratio 

of CNC varies in a broad range, from 10 to 30 for cotton, and even to 70 for tunicates (Habibi et al. 2010).

Sulphuric acid is most commonly used to produce crystaline cellulose (Rånby 1949, Hubbe et al. 2008, Habibi

et al. 2010). Other acids have also been used such as hydrochloric acid (Wang, Sain 2007, Montanariet al.

2005), maleic acid (Filson, Dawson-Andoh 2009), dicarboxylic acids (Chen et al. 2016), etc. If the CNC is 

produced by hydrochloric acid hydrolysis, the ability to disperse the produced CNC into water is limited, and 
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it tends to flocculate in water suspensions (Araki et al. 1998). Whereas, when CNCs are obtained by using

sulfuric acid hydrolysis, negatively charge sulfate ester groups are present on the surface of the crystals that

promote colloidal stability of CNC in water (Revol et al. 1992). The dimensions of CNC depend also on the 

duration and acid concentration during the hydrolysis process. A longer reaction time produces shorter crystal 

sizes (Dong et al. 1998, Beck-Candanedo et al. 2005).

Figure 3. Cellulose nanocrystals obtained from cellulose microfibrils by acid hydrolysis dissolving the 

disordered region (Adapted from Moon et al. 2011).

2.2.3 Functionalization of cellulose nanomaterials

The surface chemistry of cellulose nanomaterials is very important since all chemical reactions take place at

the interface between the surface and the bulk medium. The natural cellulose nanomaterials surface is complex,

composed mainly of cellulose, and residuals of hemicellulose and lignin (Moon et al. 2011). The properties of 

the cellulose surface are influenced by polymer morphology, extractive chemicals, and processing conditions. 

The chemical structure of cellulose nanomaterials can generally be modified by using derivatizing processes, 

adsorption of chemical compounds, and covalent attachment (chemical bonding) of molecules. The surface 

charge of cellulose nanomaterial varies based on the used treatment. Cellulose nanofibrils obtained by

mechanical disintegration retains native chemical structure of native cellulose containing a small amount of 

residual hemicelluloses, making the surface slightly negatively charged. Whereas, cellulose nanocrystals

obtained via sulfuric acid hydrolysis making the surface highly negatively charged.

Due to the abundance of hydroxyl groups at the surface of cellulose nanomaterials, different methods of surface 

modifications through direct chemical modification and/or covalent attachment of molecules have been 
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attempted, including esterification, etherification, oxidation, amidation, carbamation, nucleophilic 

substitution, polymer grafting, etc. (Eyley, Thielemans 2014). These reactions can be used to form a host of 

alternate surface chemistry to introduce either negative or positive electrostatic charges on the surface of

cellulose nanofibrils, which ultimately provides better dispersion in solvent/polymer. It also helps to tune the 

surface energy characteristics to improve compatibility, especially when used along with nonpolar or 

hydrophobic polymer matrices. The main challenge for the chemical functionalization of cellulose nanofibrils

is to conduct the process in such a way that it only changes the surface of cellulose nanofibrils while preserving 

the original morphology. In noncovalent surface modification, including carboxymethylation, the use of 

adsorbing surfactants and polymer coating has also been studied. Currently, the most used chemical 

modification of cellulose to introduce negative surface charges is TEMPO-mediated oxidation. TEMPO-

Oxidation converts selectively C6-hydroxyl groups of cellulose to the aldehyde form that are subsequently 

oxidized to carboxyls (Figure 4). (De Nooy et al. 1994, Isogai, Kato 1998), It is a simple method to introduce 

surface carboxyl groups on cellulose nanofibrils. The newly installed carboxyl groups that contain negative 

charge on the surface of the cellulose nanofibrils, induce electrostatic stabilization, and form a homogenous 

suspension when dispersed in water. The degree of oxidation can be controlled by using specific amounts of 

the primary oxidizing agent (NaOCl) (Habibi et al. 2006).

Figure 4. Proposed mechanism of TEMPO-mediated oxidation of cellulose to form C6-carboxylate groups via 

C6-aldehyde groups (Adapted from Saito, Isogai 2006).
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Positive charges can also be easily introduced on to the surface of cellulose by using amidation or cationization

reactions. In the amidation technique, oxidized cellulose nanofibrils are used as the starting material, whereby 

carboxylic acid moieties are converted into amide products by reacting them with a primary amine (Azzam et 

al. 2010). Cationization of cellulose nanofibrils can be performed by using of 3-chloro-2 hydroxypropyl

trimethyl ammonium chloride (CHPTAC) (Hashem et al. 2003, Song et al. 2008, Wang et al. 2011). A multi-

step mechanism was proposed for the reaction of CHPTAC and cellulose. Initially chlorohydrin, CHPTAC, is 

converted to the epoxide EPTAC. Then, a hydroxyl group of the cellulose is converted into an alkoxide by 

reacting with a base (e.g., NaOH), and finally, the alkoxide group reacts with EPTAC, resulting in cationized 

cellulose.

2.3 Silver nanoparticles

Nanomaterials have remarkable differences in the properties compared to the same material in the bulk. This 

is due to the physical and structural properties of atoms, molecules, and bulk materials, which causes a

difference in physicochemical properties and surface-to-volume ratio (Mody et al. 2010). Metallic silver 

nanoparticles (AgNPs) have been extensively investigated due to their thermal, optical, magnetic and electrical 

properties compare to their bulk materials (Schmid 1992, EI-Sayed 2001, Evanoff, Chumanov 2005, Kamat 

2002, Pal et al. 2007, Sun, Younan Xia 2002, Yin, Alivisatos 2005). Silver nanoparticles (AgNPs) are one of 

the most commercialized nanomaterials having various applications in antimicrobial materials, drug delivery

systems, molecular diagnostics, textiles, water treatment, cosmetics, electronics, household appliances, 

conductive inks, adhesives, pastes, and fillers (Li et al. 2006, Lin et al. 2011, Chaloupka et al. 2010, Prow et 

al. 2011, Sintubin et al. 2012, Dankovich, Gray 2011, Park et al. 2008, Wijnhoven et al. 2009). AgNPs   are 

also useful in many potential applications in spectroscopy, catalysis, sensing and detection, photonic and 

surface enhanced Raman scattering (SERS) (Hulteen et al. 1999, Lewis 1993, Jiang, Yu 2008, Kelly et al. 

2003, Kundu et al. 2004, McFarland, Van Duyne 2003, Murray et al. 2004, Nicewarner-Pen et al. 2001,

Shanmukh et al. 2006, Maier et al. 2001, Dick et al. 2002). The development of an efficient technological 

applications based on nanoparticles relies mainly on the size, shape and monodispersity of particles formed 

during synthesis. 
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2.3.1 Preparation of silver nanoparticles

A variety of preparation techniques have been reported for the synthesis of silver nanoparticles mostly by 

physical, chemical, and biological synthetic methods.

Physical methods

In the physical methods, physical energy is used to produce large quantities and uniform metal nanoparticles. 

In general, evaporation/condensation and laser ablation processes have been used to synthesize nanoparticles. 

The evaporation/condensation process is carried out using a tube furnace at atmospheric pressure. The source 

material within a boat centered in the furnace is vaporized into a carrier gas. Nanoparticles of various materials, 

such as Ag, Au, PbS and fullerene, have previously been produced using the evaporation/condensation 

technique (Gurav et al. 1994, Kruis et al. 2000, Magnusson et al. 1999). The absence of solvent contamination 

in the prepared thin films and the uniformity of NPs distribution are some of the advantages over physical 

synthesis methods in comparison with chemical processes. One of the demerits of this technique is the long

time consumed and need for high energy. In the laser ablation process, silver nanoparticles are synthesized by 

laser ablation of metallic bulk materials in solution (Mafune et al. 2000, Kabashin, Meunier 2003, Dolgaev et 

al. 2002). The advantages of laser ablation is the absence of chemical reagents in solution. Therefore, pure 

colloids can be produced by laser ablation techniques (Tsujia et al. 2002).

Chemical methods

The most common approach for synthesis of silver nanoparticles (AgNPs) is the chemical reduction by organic 

and inorganic reducing agents. Among the existing methods, the chemical methods have been mostly used for 

production of AgNPs due to its low cost and high yield, convenience and simple equipment requirement. In 

general, different reducing agents such as sodium citrate, ascorbic acid, sodium borohydride (NaBH4), 

elemental hydrogen, polyol process, Tollens reagent, N, N-dimethylformamide (DMF), and poly (ethylene 

glycol)-block copolymers were used for the reduction of silver ions (Ag+) in aqueous or non-aqueous solutions 

to produce pure and well-defined nanoparticles. Chemical methods provide an easy way to synthesize AgNPs 

in solution, because they can be implemented under simple and mild conditions. These reducing agents reduce 

Ag+ and lead to the formation of metallic silver (AgO), which is followed by agglomeration into oligomeric 
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clusters. These clusters eventually lead to the formation of metallic colloidal silver particles with different 

particle diameters (Wiley et al. 2005, Evanoff, Chumanov 2004, Merga et al. 2007). Different 

stabilizing/capping agents are used to subsequently control nucleation and stabilize the nanoparticles. The most 

widely used strategy involves the use of thiols, amines, acids, and surface-active species such as surfactants 

with nucleophilic head groups, which interact with metallic nanoparticles by donating electron density to the 

particle (Henglein, Meisel 1998). Synthetic polymers with nucleophilic electron donor groups that are capable 

of donating electron density to the metallic NP can also be used to control the growth and nucleation process 

during synthesis. Polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA), which contain nucleophilic 

electron donor groups, are commonly used for stabilizing AgNPs (Patakfalvi et al. 2004, Huang et al. 1996,

Zhang et al. 1996, Wang et al. 2005). Control over nucleation and growth of metal nanoparticles is required to 

obtain nanoparticles of small size with a spherical shape and narrow distribution in diameter. 

Generally, the chemical synthesis process of AgNPs in solution usually employs the following three main 

components: (1) metal precursors, (2) reducing agents and (3) stabilizing /capping agents. The formation of 

colloidal solutions from the reduction of silver salts involves two stages of nucleation and subsequent growth. 

It is also revealed that the size and the shape of synthesized AgNPs are strongly dependent on these stages. 

Furthermore, for the synthesis of monodispersed AgNPs all nuclei are required to form at the same time. In 

this case, all the nuclei are likely to have the same or similar size, and then they will have the same subsequent 

growth. The initial nucleation and the subsequent growth of initial nuclei can be controlled by adjusting the 

reaction parameters such as reaction temperature, pH, precursors, reduction and stabilizing agents (Natsuki, 

Abe 2011, Van Hyning, Zukoski 1998, Chen, Zhang 2012).

There are many reports about the synthesis of silver nanoparticles by using chemical reduction methods where 

cellulose is used as a stabilizer or as a reducing agent for nanoparticles synthesis. Porous cellulose fibers with 

a pore diameter of 30-70 nm were used as stabilizer of silver nanoparticles synthesized by sodium borohydride 

(NaBH4) reduction in aqueous AgNO3 solution (He et al. 2003). The electron-rich oxygen atoms of polar 

hydroxyl and ether groups of cellulose are expected to interact with electropositive Ag+ ions via electrostatic 

interactions. Cellulose nanocrystals (CNCs) obtained by sulfuric acid hydrolysis were used  to synthesize gold-

silver alloy nanoparticles using sodium citrate and sodium borohydride as reducing agents with varying initial 

Au/Ag molar ratio (Shin et al. 2008). Oxidized cellulose nanocrystals obtained by sulfuric acid hydrolysis were 
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used to synthesize silver nanoparticles using NH4OH at elevated temperature, 50°C, for antimicrobial 

applications (Drogat et al. 2011). TEMPO–oxidized cellulose nanocrystals were also used for the preparation 

of Ag nanoparticles/carboxylated CNC nanocomposite using NaBH4 as a reducing agent at room temperature 

in aqueous media (Liu et al. 2011). Bacterial cellulose and cellulose nanocrystals were used for the synthesis 

and stabilization of silver nanoparticles by thermal reduction of silver salt at 100°C for 1 h under atmospheric 

conditions for antimicrobial applications (Ifuku et al. 2009, Xiong et al. 2013). Bacterial cellulose was also 

used for the synthesis and adsorption of silver nanoparticles via the chemical reduction method using sodium 

borohydride, NaBH4, as a reducing agent and for use as antimicrobial wound dressing materials (Jung et al. 

2009).

Biological methods

Physical and chemical methods of silver nanoparticle synthesis have been used for decades, but there are a 

number of reports that indicate that the synthesis of nanoparticles by chemical approaches are environmentally 

and economically unfriendly due to the use of various expensive and toxic chemicals. Thus, there is a growing 

need to develop environmentally and economically friendly processes, which do not use toxic chemicals in the 

synthesis protocols. Recently much attention has been given to biologically-synthesized nanoparticles in a 

simple, cost effective, dependable, environmental-friendly method. The biological synthesis method uses

microorganisms such as bacteria, fungi, plant extracts, and biomolecules like vitamins, amino acids, and 

polysaccharides (Bhattacharya, Gupta 2005, Kalimuthu et al. 2008, Gurunathan et al. 2009, Srivastava, 

Constanti 2012, Gurunathan et al. 2013, Shankar, Rhim 2015, Zhang et al. 2016). Bacteria are known to 

produce inorganic materials either intra- or extracellularly. This makes them potential biofactories for the 

synthesis of nanoparticles like gold and silver. The efficiency of bio-based synthesis of nanomaterials depends 

on the types of organisms, genetic properties of organisms, optimal conditions for cell growth and enzyme 

activity, optimal reaction conditions, and selection of the biocatalyst state. Sizes and morphologies of the NPs 

can be controlled by culture conditions including substrate concentration, pH, light, temperature, buffer 

strength, electron donor, mixing speed, and exposure time. The major advantage of biological synthesis 

methods is the availability of amino acids, proteins, or secondary metabolites present in the synthesis process 

to act as stabilizing agents to prevent aggregation of the nanoparticles. Although biological synthesis of silver 

nanoparticles is more environmentally friendly, it involves rather slow processes. Since our goal was to 
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understand the nucleation, growth and stability mechanism of silver nanoparticles, via cellulose nanocrystals,

we continue the research work focused on chemical methods that are rather fast.

2.3.2 Nucleation and growth mechanisms of nanoparticles in solution

The formation of nanoparticles in solution mainly happens through the nucleation and growth process. It is 

very important to understand this process to achieve uniform nanoparticles with controlled size and shape. The 

process of the nucleation and growth of nanoparticles have been described through the LaMer burst nucleation 

(LaMer, Dinegar 1950) to obtain monodispersed particles. Therefore, an accepted model was developed by 

Lifshitz-Slyozov-Wagner, LSW theory (Lifshitz, Slyozov 1961). Watzky and Finke (Watzky, Finker 1997) 

describe an approach of slow nucleation followed by autocatalytic growth, which can be easily followed by 

the use of both in-situ and ex- a very common technique to 

determine the particle size (Mikulec et al. 2000, Cademartiri et al. 2006, Sun, Goldys 2008). In recent study, 

with the use of small angle X-ray scattering (SAXS) and a liquid cell within a transmission electron microscope 

(TEM), it has been possible to further probe nanoparticles in-situ and obtain detailed information on how 

nanoparticles grow in solution (Zheng et al. 2009). Metal ions can be converted to metal atoms through the 

redox reaction in which electrons from a reducing agent are transferred to the metal during reactions in 

homogeneous solutions, which are essentially insoluble in the liquid, therefore, progressive aggregation of 

these atoms leads to formation of a cluster of atoms, which are known as embryos. At this point, the embryos 

are still involved in a continuous dissociation-condensation process where they probably either dissociate or 

grow into larger clusters until they form stable clusters. As new atoms are introduced into the system, the 

embryos reach a critical size and separate from the solution as solid particles called nuclei (seeds), the nuclei 

act as templates for crystal growth. The number and the size of the nuclei depend on many parameters in the 

precipitation reaction, such as the solute concentration, redox potential of the reduction reaction, temperature, 

the nature and the concentration of the surfactant, solvent viscosity and surface tension. Through further 

addition of atoms, these grow to primary (nano-size) particles. These primary particles are quite unstable 

because they represent a system of large free energy which leads them to grow further. The growth of the 

nanoparticles may occur either via attachment of metal atoms onto the already formed particles (atom 
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diffusion) or via the attachment of already formed particles (aggregation) to form the final metal particles. It 

is to be expected that metal nanoparticles obtained via atom diffusion will favor the formation of crystals of 

metal atoms of regular shape (edges, facets). In contrast, metal nanoparticle obtained via the aggregation 

process will be mostly spherical and polycrystalline with lower density and a higher amount of internal grain 

boundaries. In reality, both mechanisms occur simultaneously in the same system. The structure, shape and 

size of the final particles depend on the mechanism that dominates (Goia, Matijevic 1998).

2.3.3 Stabilization of metal nanoparticles in solutions

To make a stable and uniform dispersion of metal nanoparticles, the nucleation and growth process is the 

nanoparticles formation must be controlled at an early stage. Bare nanoparticles tend to stabilize themselves 

either by sorption of molecules from the surroundings or by lowering the surface area through coagulation and 

aggregation (Kraynov, Müller 2011). At short interparticle distances, aggregation happen mostly by van der 

Waals forces varying as the inverse sixth power of the distance between the particle surfaces. Without the 

presence of any counteracting repulsive forces between the particles, the particles would aggregate. There are 

in general two methods for achieving counteraction repulsion to control aggregation: electrostatic or steric 

stabilization of the particles. Electrostatic stabilization is the repulsive electrostatic force that nanoparticles 

experienced, when a double layer of electric charges surrounds them.

The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory (Derjaguin, Landau 1945, Verwey, Overbeek 

1948) considers colloidal particles with uniform charge distribution over their surface. The total energy 

potential of the interaction between two particles is then described as the sum of attractive (van der Waals) 

contributions and repulsive forces (due to counter ion double layer). Thus, if the total energy potential is higher 

than the kinetic energy of the particles, the particles become stabilized (Kraynov, Müller 2011). Whereas, the 

steric stabilization is based on the adsorption of large molecules, which causes steric repulsion between 

neighboring particles. These adsorbed species, such as polymers or surfactants, provide a protective layer 

preventing metal particles from approaching. The size and chemical nature of these molecules determine the 

degree of stabilization. Due to the small size of the nanoparticles, large, bulky, non-interacting molecules 

provide a particularly effective stabilization. If the length of the stabilizer is significantly longer than the 

characteristic size of the nanoparticles, a sphere can be formed encapsulating the nanoparticle. The adsorbed 
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strength and multiple point of adsorption of the stabilizer is also important to provide long residence time and 

spontaneous desorption (Kraynov, Müller 2011). The approach of two particles is restricted, resulting in less 

configurational freedom, which lowers of the enthalpy. Due to a rise in the local concentration of polymer 

chains between two approaching particles, equilibrium is reestablished by an osmotic repulsion leading to 

separation of the particles. The concept of steric stabilization plays a very important role in the successful 

synthesis of nanoparticles.

2.3.4. Plasmon-enhanced sensing

One of the most explored characteristics of noble metal nanoparticles such as silver and gold is a phenomenon 

known as localized Surface Plasmon Resonance (LSPR), the frequency at which conduction electrons 

collectively oscillate in response to the alternating electric field of incident electromagnetic radiation. As a 

result, an intense absorption band in the visible region with a specific coloration of the resultant nanoparticles 

is obtained (Langer et al. 2015, Larsson et al. 2012). The LSPR of noble metal nanoparticles lie within the 

visible and near infrared (NIR), thus rendering them suitable as transducers for sensors operating in this 

spectral window. The resonance frequency depends on the size, shape, environment, composition, as well as 

the dielectric environment around the NPs. One of the most remarkable effects of LSPRs is the associated 

strong electromagnetic near-field enhancement (FE), up to several orders of magnitude and spatially localized 

at the nanometer scale. FE plays a major role in absorption, reflection, Raman scattering, and fluorescence 

processes of molecules located near metal NPs and is, thus, of high relevance for practical implementation in 

sensors or micro-optical devices (McFarland, Van Duyne 2003, Lui et al. 2010, Ringe et al. 2013, Radko et al. 

2009). The plasmonic behavior of nanoparticles have been used to sense and to detect a wide variety of targets

e.g. gas sensors (Cheng et al. 2007), pH sensors (Nuopponen, Tenhu 2007, Mack et al.2007, Jiang et al. 2009),

probing and imaging live cells (Kneipp et al. 2010), small molecule detection in live cells (Yamakoshi et al. 

2012, Brazhe et al. 2013), molecular signatures of viruses (Shanmukh et al. 2006), Biotin-Streptavidin, 

antibody-antigen interaction, protein-carbohydrate, cytochrome-inhibitor, aptamer-protein, toxin-receptor 

interactions, and nucleic acid hybridization (Mayer, Hafner 2001).
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2.3.5 The antimicrobial mechanism of silver nanoparticles

The broad-spectrum antimicrobial activity of silver nanoparticles against bacteria, fungi, and viruses are very

well known (Dakal et al. 2016). There are numerous reports about the antimicrobial activity of AgNPs against 

microorganisms, including both Gram-positive and negative bacteria, fungi and viruses. However, the precise 

and detailed mechanism of their mode of action is not yet fully understood. It has been accepted that the 

antimicrobial property of silver is associated to the quantity of silver released. Silver and silver nanoparticles 

in aqueous solution can release silver ions, which are biologically active, to mediate the bactericidal effect

(Lok et al. 2007, Morones et al. 2005, Sanpui et al. 2008, Shrivastava et al. 2007). Recent studies based on 

transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM), Scanning Electron Microscopy 

(SEM), Fluorescence spectroscopy, inductively coupled plasma-optical emission spectroscopy, UV-vis

spectroscopy, X-ray diffraction (XRD), dynamic light scattering (DLS), molecular, and biochemical 

techniques have provided deep mechanistic insights about the mode of antimicrobial action of AgNPs (Sondi,

Salopek-Sondi . 2004, Kim et al. 2007, Pal et al. 2007, Carlson et al. 2008, Park et al. 2009, Dehnavi et al. 

2012, Rai et al. 2012) which lead the following antimicrobial mechanism of silver nanoparticles.

Adhesion of AgNPs onto microorganisms

Silver nanoparticles have the ability to anchor to the bacterial cell wall. Electrostatic interaction between the 

silver nanoparticles and the surface of the cell wall or plasma membrane causes the adhesion of AgNPs onto 

the microorganism (Yamanaka et al. 2005). This causes a morphological change, shrinkage of the cytoplasm 

and membrane detachment, which finally leads to rupture or disruption of the cell wall (Raffi et al. 2008,

Nalwade, Jadhav 2013). The alteration of cell morphology causes increases in membrane permeability, leakage 

of cellular content and impairs transport activity, which ultimately affect the proper regulation of the transport 

activity of phosphate and potassium ions through the plasma membrane (Schreurs, Rosenberd 1982, Lok et al.

2006, Kim et al. 2011, Li et al. 2013). The interaction of nanoparticles with bacteria may also occur with

sulfur-containing proteins present in the cell wall that causes irreversible changes in cell wall structure. The 

antimicrobial activity of silver nanoparticles is influenced by the thickness and composition of the cell wall of 

the organism. Gram-positive bacteria has a comparatively thicker cell membrane than Gram-negative bacteria,

also, Gram-negative bacteria contain lipopolysaccharides (LPS) in the cell membrane which is negatively 
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charged. Negatively charged LPS promote the adhesion of the positively charge silver nanoparticles and helps 

make Gram-negative bacteria more susceptible against silver nanoparticles. 

After adhesion of AgNPs to the microorganism, they penetrate inside the cells and interact with the cellular 

structure and biomolecules such as proteins, lipids, and DNA, which ultimately affect the vital cellular function

(Lok et al. 2006, Kvitek et al. 2008, Habash et al. 2014, Singh et al. 2015). AgNPs also interact with the 

ribosomes and leads to their denaturation, which inhibits the translation of proteins synthesis (Morones et al. 

2005, Jung et al. 2008, Rai et al. 2012). AgNPs and Ag(+) ions also interact with the disulfide bonds of proteins

and block the active binding site and lead to overall functional defect and reflects of the 3D structure of the 

proteins in the microorganisms (Lok et al. 2006, Steuber et al. 1997). AgNPs interact with DNA and may cause 

shearing, denaturation and damage of the DNA, which interrupt cell division (Klueh et al. 2000, Morones et 

al. 2005, Jung et al. 2008, Hsueh et al. 2015, Kumar et al. 2016). 

Increased cellular toxicity, ROS production, and modulation of cell signaling

AgNPs causes an increase of Ag(+) ions concentration inside the microbial cells, which causes oxidative stress 

in the microorganisms due to the toxic effects of the metal ions. AgNPs also produce reactive oxygen species 

(ROS) and free radical species such as hydrogen peroxide (H2O2) with consequent increase in oxidative stress 

in cells (Pellieux et al. 2000, Kim et al. 2005, Asharani et al. 2008, Carlson et al. 2008, Choi, Hu 2008,

Foldbjerg et al. 2009). The generation of ROS in bacterial cells may cause cell death via respiratory 

dysfunction, hyper oxidation of cellular materials, although the precise mechanism of ROS-mediated 

antibacterial activity of AgNPs is not fully clear (Blecher, Friedman 2012, Belluco et al. 2016, Huang et al.

2010). AgNPs causes the modulation of cell signaling via the disruption of the phosphorylation and

dephosphorylation of protein, which ultimately effect the enzyme activity and signal transduction pathways. 

These signaling pathways affect molecular and cellular activities and bacterial growth (Mijakovic et al. 2005,

Iniesta et al. 2006, Shrivastava 2008).
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Figure 5. Mode of antimicrobial action of AgNPs (Adapted from Dakal et al. 2016).

2.4 Attachment of a protein onto cellulose

The attachment of an enzyme involves the physically confinement or localization of proteins, as enzymes, to 

a certain defined region of space (matrix/support) with retention of their catalytic activities, which can be used 

repeatedly and continuously. Inert polymers and inorganic materials are usually used as carrier matrices. Apart 

from being affordable, an ideal matrix must encompass characteristics like inertness, physical strength, 

stability, regenerability, the ability to increase enzyme specificity/activity, and to reduce product inhibition, 

nonspecific adsorption and be free from microbial contamination. Attachment of the enzymes onto a solid 

carrier can be achieved using a broad variety of chemical and physical methods (Cao 2005, Sheldon 2007,

Sheldon, Pelt 2013). The methods mostly include adsorption, covalent bonding, entrapment, copolymerization,

and entrapment. Attachment by adsorption was utilized in this work. The adsorption method involves the 

enzyme being physically adsorbed onto the support material, often a polymer matrix. Adsorbed enzymes are 

shielded from aggregation, proteolysis, and interaction with hydrophobic interfaces (Spahn, Minteer 2008). 

Adsorption makes use of the physical interactions generated between the carrier and enzyme that include van 
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der Waals forces, ionic interactions, and hydrogen bonding. The main disadvantages of attachment by

adsorption are easy desorption of enzyme from the carrier due to weak interaction and lower catalytic activity

of the enzyme due to irregular orientation and structural changes. Weak enzyme binding onto a surface, 

typically, does not change the native structure of the enzyme. This prevents any negative effect on the active 

sites of the enzyme and allows it to retain its activity (Hernandez, Fernandez-Lafuente 2011, Hwang, Gu 2013). 

The physicochemical parameters of the surface of the support that should be taken into account are the surface 

area, particle size, pore structure and type of functional groups present. Generally, both organic and inorganic 

materials are used as carriers or supports to immobilize enzymes by adsorption. Common organic carriers 

include chitin, chitosan, cellulose, and alginate (Jesionowski et al. 2014). The advantage of these matrices is 

the availability of reaction groups for chemical modification to match the conditions for a given enzyme and 

its application. The surface of cellulosic materials have a hydrophilic nature due to the presence of polar 

hydroxyl groups, which can contribute to hydrogen bonding with proteins. It has been observed earlier that an

increased anionic surface charge increases the adsorption of cationic proteins on cellulose, but, in that case,

the adsorption was irreversible to a large extent (Peterson, Sober 1956). Surface modification of cellulose can 

also help attachment by ionic interactions.

2.5 Summary

In this thesis, silver nanoparticles were synthesized by reduction of metal salt by the chemical reduction method 

using sodium borohydride as a reducing agent. Cellulose nanocrystals were used to stabilize the metal

nanoparticles. The effect of the surface charge of the CNC was studied to understand its effect on nucleation, 

growth, growth kinetics and stability of nanoparticles. The fundamental knowledge of controlled nucleation of 

silver nanoparticles by cellulose was then applied to the development of a paper-based protein sensor. 

Cellulose nanofibrils (CNFs) and functionalized cellulose nanofibrils, TO-CNFs and cationic-CNFs, were used

to prepare aerogel containing silver nanoparticles and antibacterial enzymes (lysozyme). The antibacterial 

effect of silver nanoparticle and lysozyme containing aerogels was also studied. The influence of the surface 

charge of CNF on enzyme (lysozyme) attachment, stability and activity was investigated.
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3 Materials and methods

The materials and methods used in the work are described in detail in the attached papers, I-IV. The main 

chemicals and cellulosic materials used in this work are presented in the materials section. The methods, which 

were employed for characterization, and the brief theory behind them, are presented in the methods section.

3.1 Materials

3.1.1 Chemicals

All the chemicals used were of analytical grade. Silver nitrate (AgNO3), sodium borohydride (NaBH4), sodium 

hydroxide (NaOH), sulfuric acid (H2SO4), hydrochloric acid (HCl), microcrystalline cellulose (MCC) from 

cotton linters, TEMPO ((2,2,6,6-tetramethyl-piperidin-1-yl)oxyl), sodium bromide (NaBr) and sodium 

hypochlorite (NaClO) aqueous solution (15%) were purchased from Sigma-Aldrich Finland (Oy, Finland).

, lysozyme from chi

lyophilized powder), and Micrococcus lysodeikticus cells, carboxymethyl cellulose sodium salt (CMC) (Mw 

of 250 kDa, DS of 1.2) and chitosan (medium molecular weight) were purchased from Sigma-Aldrich, Finland.

The spectra/por dialysis membrane, MWCO 6000–8000, was purchased from Spectrum Laboratories Inc., 

Rancho Dominguez, California. Milli-

making purposes.

3.1.2 Cellulose nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) were prepared by sulfuric acid hydrolysis from Whatman ashless filter paper 

No.1 as described by Edgar and Gray (Edgar, Gray 2003). Whatman No. 1 filter papers were first ground in a 

Wiley mill (Thomas-Wiley Laboratory Mill Model 4, Thomas Scientific, USA) to pass through a 1-mm mesh. 

The cellulose was hydrolyzed with 65 wt% sulfuric acid at 45 OC for 45 min. Typically, 15 g of grounded filter 

paper was treated with 400 ml of acid. Immediately after hydrolysis, the suspension was diluted with pure 

water to 10-fold to stop the reaction, and the suspension was allowed to stand overnight. The viscous sediment

was then washed repeatedly with MQ water by centrifugation. Next, the suspension was dialyzed against water 

until the conductivity was below 5 μS/cm. After dialysis, the suspension was sonicated for 30 minutes, 



 

24 
 

followed by addition of 3g mixed bed resin (Sigma) for 24 h at room temperature and was then filtered through 

hardened ashless filter paper (Whatman 541). Controlled desulfation of CNC was done by the method 

described by (Hasani et al. 2008). Sulfated and partially desulfated CNC was used in paper I. Cellulose 

nanocrystals (CNCs) was obtained from hydrochloric acid hydrolysis of microcrystalline cellulose (MCC) as 

described by (Montanari et al. 2005). Briefly, 10 g of Microcrystalline cellulose (MCC) was hydrolyzed with 

400ml 2.5M HCl solution. Hydrolysis reaction was carried out at a reflux temperature of 105°C for 4 h with 

continuous magnetic stirring. After cooling to room temperature, the resulting suspension was repeatedly 

washed with MQ-water by centrifugation. After washing, the pellet was suspended in approximately 200ml 

MQ-water, sonicated for 30 min and dialysed against MQ water until the conductivity dropped below 5 μS/cm. 

After dialysis, the suspension containing CNC obtained by HCl hydrolysis (HCl–CNC) was sonicated for 30

min and stored in refrigerator until further use. TEMPO mediated oxidation was done to introduce different 

amounts of carboxylic acid groups onto CNC, as described by (Saito et al. 2006, 2007). Carboxylate CNCs 

were used in paper II.

3.1.3 Cellulose nanofibrils (CNFs)

Cellulose nanofibrils (CNFs) were isolated from bleached birch fibers. CNF was prepared by first diluting the 

cellulosic fibers in deionized water to a solids content of 1.5 w-%. Then the fiber suspension was sequentially 

passed once through a Masuko grinder and then six times through a M110P fluidizer (Microfluidics Corp., 

TEMPO mediated oxidation was done to introduce negative charge to the fiber´s surface and cationization of 

CNF was done to introduce positive charge to the fiber´s surface. All three different cellulosic fibers were used 

in Paper III.

3.2 Methods

3.2.1 Determination of the surface charge of CNC

Conductometric titration of all cellulose nanofibrils were done following the procedure (SCAN-CM 65.02). 

Prior to titration, cellulose nanofibrils were converted to their protonated form by adding appropriate volumes 

of concentrated HCl such that the pH of the suspension was approximately 2. The suspension was allowed to 
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stabilize for 0.5 hours. Then the suspension was dialyzed against MQ-water to remove acid. A known amount 

of cellulose nanofibrils was dispersed in water to total 498.5 ml followed by the addition of 0.5 mL of 0.1 M 

HCl. After mixing, the ionic strength of the dispersion was adjusted with NaCl (1 mL of 0.5 M NaCl) and the 

resulting dispersion was titrated with 0.1 M NaOH using an automatic titrator (Mertohm 751 GPD titrino). The 

number of acid groups was determined from the titration curve as described by the standard procedure (SCAN-

CM 65.02). 

Characterization of the surface charge of CNCs is highly important as its affects the stability of CNC in water, 

and its interaction and behavior with other molecules and ions. The effect of the surface charge of CNC for 

silver nanoparticle synthesis was the main concern in Paper I and II. The surface charge of the CNC affects

the nucleation, growth and stabilization of silver nanoparticles. The CNCs synthesized by sulfuric acid 

hydrolysis followed by desulfation and by hydrochloric acid hydrolysis followed by TEMPO oxidation to 

control the charge density on the CNCs. The amount of total charge was determined by conductometric titration 

to understand its role on nanoparticle synthesis. It was observed that desulfation of sulfuric acid hydrolyzed 

CNC was successfull by treatment with NaOH. Desulfation can be controled by varying the molar 

concentration of sodium hydroxide, Figure 6 a shows the total surface charge of the CNC, obtained by sulfuric 

acid hydrolysis after desulfation with various concentration of NaOH. CNC obtained by hydrochloric acid 

hydrolysis did not contain any carboxyl groups. TEMPO mediated oxidation of hydrochloric acid hydrolyzed 

CNC can introduce surface carboxyl groups which can be controlled by the amount of sodium hypochlorite 

during the oxidation. Figure 6 b shows the total surface charge of the CNC obtained by hydrochloric acid 

hydrolysis and after TEMPO oxidation with various amount of sodium hypochlorite. The major advantage of 

carboxylate CNC over sulfated CNC is that higher charge can be introduced by TEMPO oxidation so the effect 

due to surface charge in AgNPs synthesis will be more prominent.
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Figure 6. (a) Sulfate content of CNC obtained by sulfuric acid-hydrolysis and after desulfation with NaOH 

(0.01, 0.1, and 0.5 M) estimated by conductometric titration. (b) Carboxyl groups content of CNC  obtained 

by hydrochloric acid-hydrolysis after TEMPO oxidation with various amounts of sodium hypochlorite. T0, T1,

T2 and T3 denote the respective carboxyl groups containing CNC, obtained by adding 0,1, 3 and 7ml of 15% 

NaClO as determined by conductometric titration.

3.2.2 Determination of CNC size

Dynamic light scattering (DLS) was used to determine the hydrodynamic size of the CNC in aqueous 

suspension. In this technique, particle size can be determined by measuring the random changes in the intensity 

of light scattered from a suspension. During the DLS measurement the light beam is directed into the sample 

solution, the apparatus then produces a normalized time autocorrelation function based on the scattering 

intensity of the light. The autocorrelation function describes the fluctuations in scattering intensity that are

related to Brownian motion, i.e. diffusion, of the particles in the medium. The rate of diffusion of the particle 

is related to its size. Based on the apparent diffusion coefficient, Dapp obtained from the DLS data, the

hydrodynamic radius RH of the particles can be calculated using the Stokes-Einstein relationship (Einstein 

1956).

=
where k is the Boltzman’s constant, T que 

is described in more detail by Kratochvil (1987).
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An increase in hydrodynamic size correlated with an increase in concentration of alkali used during treatment,

which indicates elevated aggregation due to decrease in electrostatic stabilization. As a consequence of 

aggregation, the net CNC surface area available for interaction with AgNP is expected to decrease. Figure 7a

shows the apparent size of CNCs obtained by sulfuric acid hydrolysis and after desulfation with NaOH. With 

CNC obtained by hydrochloric acid hydrolysis followed by TEMPO oxidation, it was observed that, despite 

the increase of surface charge, the apparent size did not increase. This could be due to TEMPO oxidation 

causing the depolymerization of CNC. Figure 7 b shows the apparent size of the CNC obtained by hydrochloric 

acid hydrolysis and after TEMPO oxidation with various amounts of sodium hypochlorite.

Figure 7. (a) Hydrodynamic size of CNC obtained by sulfuric acid hydrolysis and after desulfation with NaOH 

(0.01, 0.1, and 0.5 M) estimated by dynamic light scattering (DLS). (b) Hydrodynamic size of CNC obtained 

by hydrochloric acid hydrolysis after TEMPO oxidation with various amounts of sodium hypochlorite

estimated by dynamic light scattering (DLS). T0, T1, T2 and T3 denotes the respective CNC obtained by adding 

0, 1, 3 and 7 ml of 15% NaClO.

3.2.3 Synthesis of metal silver nanoparticles

A chemical method for the synthesis of silver nanoparticles was used in paper I and II. The mechanism of 

silver nanoparticle formation by reduction with sodium borohydride is summarized in Figure 8. Silver nitrate 

(AgNO3) was used as the silver precursor and sodium borohydride (NaBH4) was used as the reducing agent.

Cellulose nanocrystals (CNCs) were used as stabilizers for the nanoparticles. In a test tube, a specific volume 

of CNC suspension was added followed by the addition of silver nitrate, and mixed well. To the resulting 
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dispersion, aqueous NaBH4 (freshly prepared) was added and mechanically mixed using an orbital vortex 

shaker. The dispersion turned yellow within a few seconds, and was left standing overnight in the dark at room 

temperature to form stable silver nanoparticles. The growth kinetics of the nanoparticles was studied by

measuring the growth rate of the nanoparticles immediately after adding NaBH4, UV-Vis spectroscopy was 

used to monitor the growth.

Figure 8. Schematic illustration of the reduction of silver ions using sodium borohydride in aqueous medium.

3.2.4 Spectroscopic methods

UV-Vis spectroscopy

UV-Vis spectroscopy also is a technique used to quantify the light that is absorbed or scattered by a sample. 

In its simplest form, a sample is placed between a light source and a photodetector, and the intensity of a beam 

of light is measured before and after passing through the sample. These measurements are compared at each 

wavelength to quantify the sample’s wavelength dependent sum of absorbed and scattered light (extinction 

spectrum). The data is typically plotted as extinction as a function of wavelength.

Novel metal nanoparticles such as silver and gold have unique optical and plasmonic properties, which are

dependent on size, shape, concentration and agglomeration state of the particles. The optical and plasmonic 
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properties of the metal nanoparticles reflect specific wavelengths of light, which makes UV-Vis spectroscopy 

a valuable tool for identifying, characterizing, and studying metal nanoparticles. In this experiment, UV-Vis 

spectroscopy was used to identify the silver nanoparticles size, agglomeration state and formation kinetics.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to characterize the surface composition of the paper after 

nanoparticle formation in the presence of protein. XPS is a quantitative surface chemical spectroscopic analysis 

technique that measures the elemental composition, empirical formula, chemical, and electronic state that exist 

within a material. XPS spectra were obtained by exposing the samples to a beam of X-rays. The kinetic energy 

and number of photoelectrons escaping from the top 1 to 10 nm of the sample was analyzed. XPS requires 

ultra-high vacuum (UHV) conditions. More information about the XPS technique can be found in the Moulder 

and Chastain Handbook (Moulder, Chastain1992).

Surface Enhanced Raman Spectroscopy (SERS)

Raman spectroscopy is a versatile, non-invasive spectroscopic method for characterizing different materials, 

which is based on the inelastic scattering of monochromatic radiation. During this process, energy is exchanged 

between the photon and the molecule such that the scattered photon is of higher or lower energy than the 

incident photon. The difference in energy is made up by a change in the rotational and vibrational energy of 

the molecule and gives information on its energy levels. Raman scattering is inelastic and thus is significantly 

weaker than elastic scattering that is measured in Infrared spectroscopy. Raman scattering is unique to all 

materials and allows the chemical composition of the sample to be analyzed. Its main advantage is its 

insensitivity towards water. Metallic nanostructures are used to enhance the intensity of Raman scattering in 

Surface-enhanced Raman spectroscopy (SERS). SERS is an extension of Raman spectroscopy, which offers 

orders of magnitude increase in Raman intensity. The SERS effect was first discovered in 1973 (Fleischmann 

et al. 1974) and a better understanding of its meaning was presented in 1977 (Jeanmaire, Van Duyne 1977,

Albrecht, Creighton 1977). It consists of standard Raman spectroscopy, with the molecule of interest being 

placed in the vicinity of metal or semiconductor with rough surfaces substrates. Interactions in the molecule-

substrate system cause it to enter to resonance under specific excitation wavelengths and lead to potential 
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enhancement factors up to 1014-15 in the spectra. The explanation of this enhanced SERS signal possible involve 

from three distinct resonances (Lombardi, Birke 2008, Londero et al. 2013). (1) an electromagnetic effect (EM) 

consisting of the collective oscillation of the conduction electrons, called surface plasmon resonance (SPR), 

(2) the molecular resonance within the molecule, and (3) chargtransfer (CT) resonances between the molecule 

and the substrate. These three effects are now known to be coupled to each other in such a way that a SERS 

spectrum may display possible contributions from all of them, depending on excitation wavelength (Londero 

et al. 2013). The combination of the three mechanisms explains the very high enhancements that can be reached 

by fine-tuning the parameters for selective excitation by the laser. With enhancement factors as is high, it may 

be sufficient to allow even single molecule detection. SERS has potential applications in various fields from 

analytical chemistry to environmental monitoring and forensic sciences. SERS were used to quantify the 

protein content based on the signal from plasmonic silver nanoparticles. 

3.2.5 Imaging methods

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) creates an image of the samples by scanning the samples with a focused 

beam of high-energy electrons. The electrons interact with the samples, generating an interference pattern that 

contain information about the surface morphology and chemical composition. The cross sectional structures 

of the CNF aerogels were examined via a Field Emission scanning electron microscope (FE-SEM, JEOL JSM-

7500FA) at 1-2 kV accelerating voltage. The samples were sputter-coated with gold-palladium before SEM 

imaging to reduce charging. 

Atomic Force Microscopy Imaging (AFM)

The AFM imaging technique was used to characterize the morphology and size of the CNCs. This method was 

developed by Binnig, Quarter and Gerber in 1986 (Binnig et al.1986). AFM is a widely used surface 

characterization method that can provide three-dimensional morphological data and information on the surface 

properties in nanoscale. The AFM apparatus consist of a cantilever and a very sharp tip (apex radius 5-10 nm). 

The tip scans across the sample in close proximity to the surface, and the deflections of the cantilever are 

recorded with a laser beam and a photodiode. The typical AFM can operate in the following three modes.
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Contact mode, where the tip is always in contact with the surface, non-contact mode, where the tip oscillates

at its resonance frequency close to the surface, and tapping mode, where the tip touches the sample only briefly 

during the oscillation cycle. In this work, tapping mode was used to obtain the morphology of the CNCs.

Figure 9. The simplified principle of AFM imaging.

Transmission Electron Microscopy (TEM)

The size of the nanoparticles was determined using Transmission Electron Microscopy (TEM) imaging. In this 

technique an electron gun produces a high-energy beam of electrons which is transmitted through an ultra-thin 

sample and excites a fluorescent screen/detector to image the samples. Generally, the electron beam is 

scattered, elastically, and in elastically from the specimen, but may be transmitted through voids. This non-

uniform electron intensity translates into image contrast on the screen after hitting the electron detector. A full 

description of image formation in TEM can be found in Williams and Carter textbook (Williams, Carter 2009). 

3.2.6 Paper-based protein sensing

The nucleation-controlling properties of cellulose were used to demonstrate silver plasmonic behavior on paper 

for a protein sensor. The cellulosic part of paper was used as an active substrate for nucleation controll instead 

of just as a support in conventional paper-based sensors. The nucleation-controlling properties of cellulose are 

highly sensitive to the interaction between ions and the surface groups of cellulose, therefore, any analyte 

molecules competing with this surface group of cellulose is expected to affect the nucleation process. The
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silver nanoparticle formation will affect the size and shape of silver plasmonic properties. The relative changes 

in silver plasmonic behavior can be monitored by UV-Vis spectroscopy or Surface Enhanced Raman 

Spectroscopy (SERS). Bovine serum albumin (BSA) was used as a model analyte protein and the 

photochemical synthesis of silver nanoparticles method were used to make the sensor. Figure 10 illustrates the 

paper-based protein sensor. A drop of aqueous BSA solution was cast onto chromatography paper followed 

by addition of the silver nitrate solution. After overnight evaporation in the dark, the paper surface was exposed 

to UV light, followed by analysis using UV–Vis absorption and SERS. All steps in the procedure were 

performed at room temperature.

Figure 10. Schematic illustration of paper-based protein sensor.

3.2.7 Preparation of antimicrobial aerogels

Antibacterial CNF aerogels were prepared from CNF with a proteolytic enzyme, lysozyme, or silver nitrate. 

Lysozyme-containing aerogels were prepared by freeze-drying. Aqueous dispersions of CNF-lysozyme were

placed into a small Petri dish followed by freezing at -20 °C in a freezer for 24 hours. The frozen sample was 

then lyophilized with a FreeZone freeze-dryer system (Labconco Corporation, USA) for 24 hours. Silver-

containing aerogels were prepared as above but with aqueous dispersions of CNF-silver nitrate. The prepared 

-80 W) for 30 min per each side to form silver 

nanoparticles from cations (Ag+). The aerogels were stored inside a desiccator, avoiding light.
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3.2.8 Determination of antimicrobial activity

The antimicrobial effect of aerogels containing enzyme (lysozyme) or silver nanoparticles was determined by 

the viable cell counting method. The tests were performed against both gram negative and gram-positive 

bacteria, Escherichia coli and Staphylococcus aureus, respectively. Bacteria were cultivated in a nutrient broth 

at 37 °C for 14 h to give a bacterial suspension. This bacterial suspension was then diluted with the same 

nutrient broth to give an approximate bacterial concentration of about 4 × 105 CFUs/ml. A specific amount of

the bacterial suspension was then cultured in the presence of specific amount of sample (e.g., antibacterial 

lysozyme or silver containing aerogel) for 14 h with continuous shaking (230 rpm) in an incubator at 37 °C. 

The total number of viable bacteria presence in the culture was then counted by spreading a specific amount 

of the bacterial suspension on nutrient agar plate followed by incubation of the plate at 37 °C for 24 h. The 

number of the surviving colonies was counted. These results were compared to the number of bacteria colonies 

of the control.
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4 Results and discussion

4.1 Role of CNC on AgNPs synthesis

CNCs prepared by hydrolysis, both with sulfuric and hydrochloric acid, have a significant effect on the 

synthesis of silver nanoparticle by borohydride reduction in solution (Paper I & II). The size distribution and 

stability of the AgNPs can be effectively controlled using different concentrations of CNC in the synthesis 

process. UV-Vis absorption spectra of silver nanoparticles, obtained after 24 hours of synthesis with different 

concentrations of CNC obtained by sulfuric acid hydrolysis(wt % 0.1, 0.25, and 0.5), are presented in Figure 

11. It was observed that the intensity of plasmonic peak of AgNPs, around 400 nm, was directly related to the

concentration of CNC. The concentration of silver nanoparticles increased with increasing CNC concentration 

but at the same time it was also observed that the intensity of the background beyond 600 nm was inversely 

related to the concentration of CNC. This indicated the presence of large aggregates due to less control over

the aggregation of silver nanoparticles. Low concentrations of CNC gave higher intensity above 600 nm due 

to the presence of a higher number of large aggregated particles. Higher concentrations of CNC may cause 

high steric hindrance for the monomeric silver nanoparticles that prevents the aggregation of silver 

nanoparticles. This could be the main reason for the formation of higher number of particles and less

aggregates. A similar plasmonic peak of AgNPs was observed with CNC around 425 nm (Drogat et al. 2011) 

with an approximate nanoparticles size between 22-45 nm.

Figure 11. UV-Vis absorption spectra of silver nanoparticles synthesized in the presence of CNC 0.1 wt %, 

0.25 wt%, and 0.5 wt%.
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The size of the nanoparticles was obtained by Transmission Electron Microscopy (TEM) (Paper I). The TEM 

images and histogram of AgNPs obtained after 24 hours are shown in Figure 12. It was observed that with 

increasing concentration of CNC, the proportion of small particles (1-5 nm) increased, while the proportion of 

larger particles with size > 20 nm decreased.

Figure 12. TEM images of silver nanoparticles synthesized in the presence of CNC 0.1 wt % (a), 0.25 wt % 

(b), and 0.5 wt % (c). Scale bar in all images = 100 nm. Histogram corresponding to TEM images is presented 

in (d). Horizontal axis, size range, vertical axis, number percentage.

It is well known that the area under the extinction peak of silver nanoparticles is related to the sixth power of 

nanoparticles radius (Morones, Frey 2007). UV-Vis spectra showed that with increasing concentration of CNC,

there was an increase in the area under the extinction peak of silver nanoparticles, but the TEM result clearly 

showed the particle sizes were smaller. The possible reason for increase in the area, despite the decrease of the 
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size of the nanoparticles, may be a drastic increase in the concentration of the small particles. This kind of 

behavior is the hallmark of a nucleation-controlled capacity for nanoparticles synthesis that was previously 

reported by (Yves et al. 1997, Morones, Frey 2007). In their study, they reported that with the increase in 

concentration of PVP and PNIPAM, the number of silver nanoparticles increased due to the control of 

nucleation via the nucleophilic group of the polymer. The UV-Vis and TEM result suggest that CNC not only 

acted as a stabilizer for the silver nanoparticles, but also acted as a nucleation controller. A similar phenomenon 

was observed with CNC obtained by hydrochloric acid hydrolysis. The proportion of small particles increased 

with increasing concentration on CNC. The size of the silver nanoparticles also varied depending on the 

concentration of silver nitrate. With increasing concentration of silver nitrate, the nanoparticle size and 

polydispersity increased. At a constant concentration of cellulose and NaBH4 but varying concentration of 

AgNO3, from 1 mM to 100 mM, the nanoparticles size varied from 4-5 nm to 2-15 nm (He et al. 2003). Silver 

nanoparticles with a size range 20-50 nm were synthesized by using NH4OH in the presence of cellulose 

nanocrystals that were used as stabilizers for the nanoparticles (Drogat et al. 2011).

Besides the observation of AgNPs after 24 hours of borohydride reduction of AgNO3, the kinetics of silver 

nanoparticle formation in the presence of different concentrations of CNC, was followed by plotting the 

max of the plasmon peak in the UV–vis absorption spectrum as a function of time. The 

results are presented in Figure 13. The intensity of the plasmonic peak, centered between 375-390 nm in the 

UV-Vis spectrum at the beginning of AgNPs formation, gives an idea about the growth kinetics of silver 

nanoparticles formation, the coalescing of monomeric silver nanoparticles (Patakfalvi et al. 2004). It was 

observed that the rate of growth of silver nanoparticles was higher in pure water than in the presence of CNC,

which supports the idea that CNC causes steric hindrance of silver nanoparticles aggregation that reduces the 

rate of nanoparticles formation. If this is the case then, with increasing CNC concentration the rate of 

nanoparticles formation will be even lower, but the opposite phenomenon was observed: with an increasing 

concentration of CNC the initial rate of nanoparticles formation increased. This phenomenon shows that CNC 

may not only caused steric hindrance of nanoparticle coalescence but may also control the nucleation process 

of nanoparticles formation. One possible reason may be due to the interaction of silver with the anionic sulfate 

group. Apart from the sulfate group, CNC contains abundant OH group on the surface, which also need to be 
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considered to explain the nucleation, growth and stability of AgNPs. A similar behavior of the growth rate 

increase was observed with CNC obtained by hydrochloric acid hydrolysis, which indicates that the OH groups

also played a vital role as a nucleation controller (paper II).

Figure 13. max of the plasmon peak as a function of time (from the moment of 

borohydride addition) for silver nanoparticle formation in presence of CNC, 0.1 wt %, 0.25 wt %, and 0.5 wt 

max corresponding to silver nanoparticle formation in water is also included as 

a reference.

4.1.1 Role of sulfated CNC on AgNPs synthesis

To understand the effect of sulfated CNC on AgNPs synthesis, partial desulfation of the CNC obtained by 

sulfuric acid- hydrolysis was done to prepare different concentrations of sulfate groups on the cellulose 

nanocrystals. NaOH treatment of CNC will cause partial desulfation the higher the NaOH concentration, the 

lower the sulfate concentration. UV-Vis absorption spectra of silver nanoparticles, obtained after 24 hours of 

synthesis in the presence of NaOH-treated CNC, with different concentrations of CNC (wt % 0.1, 0.25, and

0.5), are presented in Figure 14. It was observed that with increasing concentration of NaOH, i.e. with lower 

sulfate content, there was an increase in the area under the extinction peak of silver nanoparticles, indicating

that the number of AgNPs in dispersion increased with lower sulfate concentration. With increased

concentration of treated CNC, it was observed that the plasmonic peak intensity was directly related to the 
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concentration of treated CNC. The inverse relationship between the absorbance value and wt % of the treated 

CNC used in the longer wavelength region beyond 500 nm indicated that the extent of aggregation decreased

with increase in wt% of treated CNF (Figure 14 a-c). The only exception to this inverse relationship was CNC 

0.01 M (wt% 0.5), where the background in the longer wavelength region had a higher value, and the intensity 

of the plasmon peak was lower. The reason for this exception is unclear. One possible reason could be the 

presence of a large number of monomeric silver particles left uncoalesced, which would then be expected to 

have broad absorption, but this raises the question about the nonexistence of this broadening in the other treated 

CNCs, that is, CNC 0.1 M and CNC 0.5 M.

Figure 14 the presence of NaOH treated 

CNCs 0.01 M NaOH (a), 0.1 M NaOH (b), and 0.5 M NaOH at wt% 0.1, 0.25, and 0.5%.

The TEM image and histograms of AgNPs obtained after 24 h borohydride reduction of AgNO3 in presence 

of NaOH-treated CNC (wt% 0.01, 0.1, and 0.5) are shown in Figure 15. The effect of increased wt% of treated 

CNCs is similar to that observed using untreated CNCs, as seen from the drastic increase in the proportion of 

, decreased

significantly. It was observed that desulfated CNC had an important role to control of AgNPs synthesis. By

varying the extent of desulfation and CNC concentration, the size of the nanoparticles could be controlled.

AgNPs in the size range (1-5 nm) can be obtained from CNC 0.1M, 0.5 wt % with better monodispersity. 

About 90 % of AgNPs in the size range of 1-5 nm were obtained (Table 1). In comparison with untreated CNC, 

the best was 79% for size range of 1-5 nm (table 1). It can be concluded that mild NaOH treatment improves 

the interaction between AgNPs and CNC, thereby arresting the aggregation of monomeric silver particles at 

earlier stages relative to what might happen in presence of untreated CNC. At high NaOH treatment, CNC 0.5
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M with 0.25 wt % produces relatively larger AgNPs in the size range 5-20 nm . About 84 % of AgNPs can be 

obtained in this range, while the best value for same size range in the case of untreated CNC was found to be 

40% (Table 1). In essence, CNC treated with 0.1 and 0.5 M NaOH enabled synthesis of AgNPs with improved 

in Table 1.

Figure 15. TEM images of silver nanoparticles synthesized in the presence of NaOH-treated CNCs: 0.01 M, 

0.1 wt % (a); 0.25 wt % (b), and 0.5 wt % (c); 0.1 M, 0.1 wt % (d), 0.25 wt % (e), and 0.5 wt % (f); 0.5 M, 0.1 

wt % (g), 0.25 wt % (h), and 0.5 wt % (i). Scale bar in all images is 100 nm. Histograms corresponding to

TEM images for silver nanoparticles synthesized in the presence of NaOH-treated CNCs, 0.01 M NaOH (j), 

0.1 M NaOH (k), and 0.5 M NaOH (i). Horizontal axis, size range; vertical axis, number percentage.
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Table 1. Highlights from the Histograms Comparing Size Distribution of Silver Nanoparticles Synthesized in 

Presence of CNCs and NaOH-treated CNCs.

Besides the observation of AgNPs after 24 hours of borohydride reduction of AgNO3 the kinetics of silver 

nanoparticle formation in the presence of desulfated (NaOH-treated) CNC was followed by plotting the 

intensity at wavelength max of the plasmon peak in UV–vis absorption spectra as a function of time, as 

presented in Figure 16 a–c. It was observed that the initial rate of silver nanoparticles formation is directly

related to desulfated CNC, the higher the state of desulfation, i.e. the higher the severity of the NaOH treatment,

the higher the AgNPs formation rate. In other words, less sulfate on CNC means a higher the rate of 

nanoparticles formation. One possible reason is that there is less interaction of AgNPs with CNC due to the 

lower surface area caused by higher aggregation of CNC (DLS data). A higher extent of desulfation led to 

diminished inter-whisker electrostatic repulsion, which caused the CNCs to approach each other. In summary,

the surface concentration of sulfate groups on CNCs determines the size distribution of the silver nanoparticles. 

Sulfate groups, if present in very high concentrations, hindered the hydroxyl–metal particle interaction, thereby 

resulting in minimal control over the nucleation and growth process. On the other hand, too little of the anionic 

groups resulted in CNCs coming in close proximity to one another, resulting in the eventual loss of stability 

of nanoparticles formed after rapid nucleation.



 

41 
 

Figure 16. max of the plasmon peak as a function of time (from the time of borohydride 

addition) for silver nanoparticle formation in presence of NaOH treated CNC 0.1 wt % (a), 0.25 wt % (b), and 

0.5 wt % (c). Each graph has three line plots, corresponding to NaOH treatment using 0.01, 0.1, and 0.5 M 

NaOH.

4.1.2 Role of carboxylate CNC on AgNP synthesis

To understand the effect of carboxyl groups content on AgNPs synthesis TEMPO mediated oxidation was

done to introduce different amounts of carboxyl groups on the CNC produced by HCl hydrolysis. T0,T1, T2

and T3 denotes the presence of 0, 0.55, 1.0, and 1.48 m moles/g carboxyl groups content on the CNC that were 

obtained with varying NaClO addition during TEMPO oxidation. UV-Vis absorption spectra of silver 

nanoparticles, obtained after 24 hours of synthesis in the presence of varying wt % of CNCs with varying

carboxyl groups content are presented in Figure 17. It was observed that with an increasing concentration of 

CNC, the area under the extinction peak of silver nanoparticles increased, but the difference of the peak area 

was less for CNCs with higher carboxyl groups content (Figure 17a-d). This means that higher carboxyl groups 

content on CNC enhances the stability of silver nanoparticles. The decreasing peak area due to carboxyl groups 

content on CNC clearly indicates that with increased carboxyl groups content on CNC, the number of AgNPs

in the dispersion increased. The absorption signal intensity, beyond the wavelength region 500 nm, is inversely 

related to the wt % of CNC, but the difference in intensity is again less pronounced with increased carboxyl 

groups content. This indicates that higher carboxyl groups content CNC prevents aggregation of silver 

nanoparticles.
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Figure 17. UV–vis absorption spectra of AgNPs synthesized in the presence of varying wt% of CNC with

varying carboxyl groups content (a) 0.0 (b) 0.55 (c) 1.0 and (d) 1.48 m moles/g are presented for samples after 

ageing for 24h. 

The TEM image of AgNPs obtained after 24 hours of synthesis in the presence of varying wt % of CNCs with 

varying carboxyl groups content are presented in Figure 18, and the corresponding histograms are presented 

in Figure 19. It was observed that with increasing carboxyl groups content on the CNC, the number of small 

AgNPs increased and the number of large aggregates decreased. This is clearly observed from both the TEM 

image and the corresponding histogram. A significant increment in the number % of small nanoparticles in the 

size range 1-5 nm, about 84 % is observed with CNC 0.1 wt% at a carboxyl groups content of 1.48 m moles/g 

compared with CNC 0.1 wt % without carboxyl groups, where it was only 40 %. TEMPO-oxidized cellulose 

nanocrystal were also used to synthesize the silver nanoparticles with a size in the 2-40 nm range (Ifuku et al. 

2009, Liu et al. 2011). A clear trend of increased number % of smaller nanoparticles with increasing carboxyl 
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groups content was observed. The formation of small particles with increasing carboxyl groups content may 

be the due to better nucleation control ability of carboxylated CNC, or the higher steric hindrance due to better 

dispersion of the carboxylated CNC.

Figure 18. TEM images of AgNPs synthesized in the presence of varying wt% of CNCs with varying carboxyl

groups content. Scale bar in all images is 50 nm.



 

44 
 

Figure 19. Particle size histograms from TEM imaging of AgNPs synthesized in the presence of varying wt% 

of CNC with varying carboxyl groups content (a) 0.0 (b) 0.55 (c) 1.0 and (d) 1.48 m moles/g. Each histogram 

is based on the size of at least 100 nanoparticles.

Besides the observation of AgNPs after 24 hours of borohydride reduction of AgNO3, the kinetics of silver 

nanoparticle formation in the presence of carboxylated CNC was followed by plotting the intensity at 

max of the plasmon peak in UV–vis absorption spectra as a function of time, as presented in Figure 

20 a–d. It was observed that CNC that did not contain carboxyl groups on the surface, showed the trend of 

nanoparticle formation opposite to CNC containing carboxyl groups . As seen from Figure 20a, the rate of 

nanoparticle formation was directly related to CNC wt %. This is very similar to the trend observed with CNC 

obtained by H2SO4- hydrolysis (paper I), which supports the ability of CNC to control nucleation. CNC 

containing carboxyl groups showed that the rate of nanoparticle formation was inversely related with CNC 

wt %. Figure 20b-d. Additionally, with an increase in concentration of carboxyl groups content, the initial 

burst of nanoparticle formation is very low immediately after borohydride addition. This is a clear indication 

that the initial rate of AgNPs nucleation is inversely related to the carboxyl groups content of CNC. It can be 
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concluded that higher carboxyl groups content CNC produces small nanoparticles with better stability and 

monodispersity due to the interaction of CNC with AgNPs in the growth process of the nanoparticle formation,

rather than the nucleation controlling mechanism.

Figure 20. Growth kinetics obtained by plotting intensity at max (plasmon peak) against time (min) after the 

onset of Ag ion reduction in the presence of varying wt% of CNC with varying carboxyl groups content (a) 

0.0 (b) 0.55 (c) 1.0 and (d) 1.48 m moles/g.

4.2 Protein sensing via plasmonic nanoparticle nucleation on paper

UV-Vis spectroscopy and Surface Enhanced Raman Spectroscopy (SERS) were applied to measuring the 

amount of Bovine Serum Albumin (BSA) protein, exploiting the formation of AgNPs on paper as the non-

specific sensor (PAPER III).
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4.2.1 UV-Vis spectroscopy-based sensing

UV-Vis reflection absorption spectra of various paper samples exposed to UV light after the addition of BSA 

and silver nitrate respectively are presented in Figure 21a. The spectroscopic studies indicate that the

absorption amount is inversely related to BSA concentration. The intensity of extinction peak decreased with 

increased BSA concentration. This indicates a corresponding decrease of plasmonic nanoparticles number 

density, which may be due to complex formation between the silver ion and the amino acids of the protein. 

Complexation of silver ion with amino acid of protein decreased the amount of free silver ion capable of 

reduction, thus leading to a decrease in the number of plasmonic silver nanoparticles formed after UV 

exposure. By plotting the plasmon peak intensity at max as a function of BSA concentration, Figure 21b, it 

was observed that beyond 10 mg ml-1 the intensity was inversely proportion in a nearly linear relationship to 

BSA concentration. This demonstrates the protein sensing ability via plasmonic nanoparticle nucleation on 

paper above 5 mg ml-1 respectively. The silver nitrate concentration was kept constant in all samples. The 

absorption spectrum of the chromatography paper was subtracted from the samples.

Figure 21. (a) UV–Vis absorption spectra as a function of BSA concentration, and (b) plasmon peak 

intensity at max measured for paper samples exposed to UV after addition of BSA and silver nitrate.

4.2.2 Surface Enhanced Raman Spectroscopy (SERS) based sensing

The surface enhanced Raman spectra of paper samples exposed to UV light after addition of BSA and silver 

nitrate, respectively, are presented in Figure 22a. The intensity of the surface enhanced Raman peaks was 
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observed to decrease with increasing concentration of BSA. By plotting the Raman peak intensity as a function 

of BSA concentration in Figure 22b, a fast decrease of Raman peak intensity, about 60% occured between 0

and 10 mg ml 1 BSA concentration. On the other hand, a slower decrease of Raman peak intensity, about 15%,

within 10 and 60 mg ml-1 BSA concentration was observed. This indicated that SERS-based sensing is 

quantitatively more sensitive to the model protein in the concentration range 0-10 mg ml 1. By combining 

these two mechanism UV-Vis and SERS open up the possibilities to analyze not only proteins but also DNA, 

heavy metals ions etc., which competitively interfere with silver ion-cellulose interactions.

Figure 22. Surface Enhanced Raman spectra (a) and Surface Enhanced Raman peak intensity at 

1372 cm (b) as a function of BSA concentration measured for paper samples exposed to UV after the

addition of BSA and silver nitrate, respectively. The concentration of silver nitrate was kept constant in all 

samples, except for the sample labeled Paper.

4.3 Influence of surface charge of CNF on adsorption immobilization and activity of enzyme

Unmodified CNF (referred to as CNF), anionic CNF (referred to as TO-CNF) cationic CNF (referred to as 

cationic-CNF) were used to immobilize positively charge lysozyme via adsorption immobilization in aerogels

(PAPER IV). The activity of the immobilized enzyme was measured in dry conditions over 30 days and under

different storage conditions, to see the influence of storage condition on lysozyme activity. It was observed 

that CNF and cationic-CNF aerogels kept the lysozyme activity almost similar to free lyophilized lysozyme 

(Table 1). In the case of TO-CNF, the lysozyme activity decreased drastically, by almost 88%, compared with 

the lyophilized lysozyme. Lysozyme, which is positively charged, undergoes strong adhesion to TO-CNF 
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which is negatively charged, which could change the flexibility, hinder its active sites, and alter its structure 

(folding), thus reducing activity in the presence of TO-CNF. Thus, the surface charge of CNF has a significant 

influence on enzyme adsorption and activity. This results in an adverse effect of anionic charge against 

lysozyme. We speculate that upon freeze drying the strong adhesion between negatively charge TO-CNF and 

positively charge lysozyme produces irreversible enzyme folding and, thus, impairs its activity. CNF has less 

surface charge, which causes less adhesion and does not change the flexibility and stability of the enzyme for 

better activity. 

The activity of the enzyme supported in the CNF-based aerogels was measured on day 7 and on day 30 after 

storage under four different conditions: Room (storage at room conditions, 25oC, 25% RH), Cold (storage in 

a refrigerator at 4oC, 25% RH), Dry (storage at room temperature in a desiccator, 25oC, 12 % RH), and Humid 

(storage in a humid environment, 25oC, 65% RH). No significant loss on enzyme activity was observed in 

aerogels stored over 30 days in the Cold and Dry conditions. The enzyme activity decreased very slightly when 

stored in Room and Humid conditions. On a relative basis, the Cold and Dry conditions preserved the activity 

better than when the enzyme was stored in Room and Humid environments (Table 1). In Humid conditions, 

more water is available to hydrate the enzyme and induce deactivation through unfolding. Related findings on 

the role of water on protein stability have been reported (Wang et al. 2012). 

Table 2. Activity of lysozyme supported in aerogels that were stored under different conditions, as indicated. 

The unit of enzyme activity is Units/mg x10-3 enzyme as measured for different storage times.

Day Reference CNF TO-CNF Cationic-CNF
0 Room (25oC) 38.71±1.80 34.41±1.39 4.47±1.22 34.93±1.44

7 Room (25oC)
Cold (4oC)
Dry (RH 12%)
Humid (RH 65%)

37.54±2.02
38.85±3.76
38.60±3.87
37.25±1.80

34.36±2.43
34.64±3.55
34.54±3.32
34.23±2.30

3.27±1.10
3.57±0.85
3.00±0.95
3.07±0.95

34.68±2.00
34.91±1.11
34.82±0.98
34.59±1.09

30 Room (25oC)
Cold (4oC)
Dry (RH 12%)
Humid (RH 65%)

37.17±1.92
38.54±3.30
38.53±0.95
37.15±1.30

33.70±1.00
34.20±2.37
34.12±1.85
34.02±1.57

3.25±0.66
3.12±0.55
2.82±0.25
2.95±0.85

34.51±1.36
34.78±0.40
34.53±1.15
34.09±1.85
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4.4 Antimicrobial activity of aerogels containing lysozyme and silver nanoparticles

Aerogels containing lysozyme and silver nanoparticle are presented in Figure 23. A slight change in color of 

the aerogel, from white to white-grey, was observed due to presence of lysozyme in the aerogels. When silver 

nanoparticles were incorporated in CNF, TO-CNF and cationic-CNF aerogels, the color of the aerogels was 

significantly altered. For the same concentration of AgNO3, the CNF, TO-CNF and cationic-CNF aerogels 

showed different colors due to the silver plasmonic behavior, which is dependent on nanoparticle size 

(Mogensen, kneipp 2014).

Figure 23. Photographs of (a) a neat CNF aerogel and (b) CNF aerogel carrying 0.1 g/g lysozyme. Also shown 

are the CNF aerogels prepared from (c) 0.02 mmol/g and (d) 0.1mmol/g AgNO3 precursor. TO-CNF aerogel 

prepared from (e) 0.02 mmol/g and (f) 0.1 mmol/g AgNO3 precursor. Cationic-CNF aerogel prepared from (g) 

0.02 mmol/g and (h) 0.1 mmol/g AgNO3 precursor. The colors in the aerogels containing AgNPs developed 

depending on the loading of silver nitrate.

Aerogels containing lysozyme and silver nanoparticle were studied as antibacterial materials. Based on 1 ml 

volume of bacterial suspension, CNF aerogels (1 mg carrying 0.1 mg of lysozyme) and pure lysozyme (0.1 

mg) were used to evaluate the antibacterial activity using the viable cell counting method. The activity was 

tested against both gram-negative Escherichia coli and gram-positive Staphylococcus aureus bacteria. The 

logarithmic reduction value was calculated as log (N0/N), where N0 = CFUs/ml of blank and N = CFUs/ml of 
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sample. For 100% inhibition of E. coli and S. aureus the log reduction was 9.63 log and 9.39 log based on the 

reference. CNF and TO-CNF aerogel did not show any significant inhibition against the test bacteria. 

Remarkably, the Cationic-CNF showed a high inhibitory effect for E. coli, but comparatively less for S. aureus.

The inhibition was about 92% (1.11 log) for E. coli and 71% (0.53 log) for S. aureus. The observed differences 

for the two types of the bacteria result from the difference in composition, thickness and density of the cell 

walls (that of S. aureus was thicker and denser). It was observed that lysozyme showed slight higher inhibition 

effect against S. aureus than E. coli.

There is a clear indication that lysozyme was active in CNF aerogels. When comparing the lysozyme 

inhibition against bacteria with different aerogels containing lysozyme, TO-CNF aerogel showed much less 

inhibition compared to CNF and the Cationic-CNF aerogel. This is explained by the folding and strong 

adhesion of lysozyme in TO–CNF, as we speculated earlier in the case of aqueous dispersions (see paper IV). 

All the aerogels containing silver nanoparticles obtained from 0.1 mmol/g AgNO3 (Ag High) showed 100% 

inhibition (9.63 log) against E. coli. CNF, TO-CNF and Cationic-CNF aerogels containing silver nanoparticles 

obtained from 0.02 mmol/g AgNO3 (Ag Low) showed 99.99053%, 99.99143% and 99.99999 % inhibition 

against E. coli, respectively. 
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Figure 24. Quantification of CFU reduction efficiency with different antimicrobial aerogels against both E.coli

and S.aureus. Y axis contain the logarithmic reduction value, a 100% reduction value for E.coli and S.aureus

is 9.63 log and 9.39 log with respect to blank. A 100% reduction was reached when no CFUs was detectable 

on the test samples. “Ag Low” and “Ag High” represent the silver nanoparticles prepared from 0.02 mmol/g 

and 0.1mmol/g AgNO3 precursor.

The TO-CNF aerogels loaded with AgNPs showed slightly higher antimicrobial activity than those based on 

CNF. This may be due to the smaller size of the nanoparticles in the former case. As in the case of E. coli, the 

Cationic-CNF aerogels containing AgNPs showed the highest antimicrobial activity against S. aureus. Overall, 

this is explained by a dual antimicrobial activity exerted by the cationic nature of the CNF and the AgNPs. 
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5 Conclusions

Cellulose nanocrystals (CNCs) play a significant role in the silver nanoparticle (AgNP) synthesis process. 

The surface charge of the nanocrystals is very important to control the nucleation, growth and stability of 

the metal nanoparticles. The size distribution of the nanoparticles can be effectively controlled by the CNC 

concentration and optimizing its surface charge. The percentage of small AgNPs, in the size range 1–5 nm,

was found to increase with an increase in the concentrations of CNC obtained by H2SO4-hydrolysis, thus

indicating that CNC is capable of controlling growth of AgNPs through steric hindrance. Besides a decrease 

in size, the number of small AgNPs and the rate of nanoparticle formation were found to significantly 

increase with the concentration of nanocrystals, thus indicating the nucleation-controlling capability of 

sulfated CNCs. The sulfate groups present on the surface of CNCs played an important role in the extent of

the interaction between AgNPs and CNCs. The initial rate of silver nanoparticle formation was inversely 

related to the sulfate groups present on the surface of CNCs. It was observed that partial desulfation through 

NaOH treatment improved the interaction between AgNPs and CNCs. Partial desulfation of CNCs stabilized

the AgNPs better than unmodified CNCs, but higher desulfation caused the aggregation of the nanoparticles 

over time. In the presence of partially desulfated CNCs, the improvement of the size distribution of AgNPs

synthesized could be attributed to the interplay between the quantity of silver ions or monomer-CNC 

interaction and prevention of silver nanoparticle aggregation via inter-whisker repulsion. Hence, CNCs, in 

their modified or unmodified forms display fascinating nucleation controlling and nanoparticle stabilizing 

properties. They have great potential to be used as mediators in synthesizing AgNPs with good size distribution 

at room temperature.

The carboxyl groups content on the surface of CNC obtained by HCl-hydrolysis and TEMPO-oxidized CNCs 

was directly related to the stability and size distribution of the AgNPs. An increase in the carboxyl groups 

content enhanced the ability of CNCs to stabilize the NPs, also significantly increasing the number percentage 

of smaller AgNPs. The extent of aggregation was found to be diminished largely when the carboxyl groups 

content of CNCs increased. The rate of AgNPs nucleation was inversely related to both the wt% of TEMPO-

CNCs and also the carboxyl groups content, thus indicating that TEMPO-CNCs did not act as nucleation 

controllers, but instead altered the size distribution of AgNPs during synthesis through steric hindrance. Hence, 
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it can be suggested that carboxyl groups content does not directly influence the nucleation step during the 

AgNPs synthesis but drastically increases the ability of CNCs to interact and stabilize the NPs during the 

growth step.

Silver nanoparticles (AgNPs) were synthesized by borohydride reduction in the presence of TEMPO-CNCs. 

TEMPO oxidation was found to be an effective route to significantly vary the surface charge of CNCs without 

aggregation. The effect of carboxyl groups concentration on the ability of TEMPO-CNCs to alter the rate of 

nucleation and size distribution of AgNPs was investigated. The carboxyl groups content of TEMPO-CNCs 

correlated with the size distribution of AgNPs formed and an increase in the carboxyl groups content enhanced 

the ability of CNCs to stabilize the NPs, also significantly increased the number percentage of smaller AgNPs. 

The extent of aggregation was found to diminish largely with increasing carboxyl groups content of CNCs. 

As a follow up to our findings about the ability of cellulosic surfaces to control the nucleation of silver 

nanoparticles, we demonstrate a paper-based plasmonic sensing mechanism using BSA as a model analyte. 

The surface concentration of protein and silver on paper, quantified using XPS, indicated a direct quantitative 

relationship between the two elements, which was attributed to the ability of proteins to complex silver ions. 

The protein’s ability to complex silver ions was responsible for the diminished formation of plasmonic 

nanoparticles with increasing BSA concentration, due to hindrance in the nucleation of silver nanoparticles at 

cellulosic interfaces. This formed the basis for an inverse quantitative relationship between the concentration 

of protein and surface plasmon-dependent absorption quantified using UV–Vis absorption and SERS. When 

applied to this plasmonic paper, the SERS technique was found capable of extending the detection limit below 

10 mg ml 1. In contrast, using UV–Vis absorption enabled the quantitative detection in the 10–60 mg ml 1

concentration range. Overall, we demonstrate the potential applicability of a novel sensing mechanism, which 

directly utilizes the cellulosic surface of paper, which is in contrast to conventional paper-based sensing 

devices that the cellulosic part of paper as a passive support for sensing.

The charge on the surface of cellulose nanofibrils has a significant effect on the retention of enzyme activity, 

in both aqueous dispersion and in the dry state. As an illustration, CNF and Cationic-CNF preserved lysozyme 

activity; however, TO-CNF displayed very limited retention of activity. These observations are explained by 

the strong interactions between the oppositely charged components, which limits enzyme freedom and 



 

54 
 

flexibility due to protein folding, hindering its active sites. The storage conditions also influenced the retention 

of enzyme activity immobilized in the cellulose nanofibrils-based aerogels. Compared to cold and dry 

conditions, storage at room and high humidity (RH 65%) atmospheres decreased the activity remarkably. At 

an enzyme concentration of 0.1 mg/ml in aqueous dispersion, the bacterial growth was inhibited by about 92 

%. The aerogels carrying physically-immobilized lysozyme showed a moderate antimicrobial effect against 

both gram-positive S. aureus and gram-negative E. coli. Compared to E. coli, lysozyme showed slightly higher 

antibacterial effect against S. aureus. The same observation was noted for silver nanoparticles (AgNPs) that 

were synthesized in-situ by UV reduction. Indeed, the average size of the AgNPs was significantly affected by 

the surface charge of the cellulose nanofibrils carrier. The number % of small particle size AgNPs (10 20 nm)

which present better antibacterial activity compared to the larger fractions, was higher for the Cationic-CNF. 

Silver nanoparticle-loaded aerogels showed a strong antibacterial effect against E. coli, which depended on the 

nanoparticle concentration, full inhibition of E. coli was observed at the highest concentration of silver 

nanoparticles tested. Under similar conditions, the Cationic-CNF aerogel carrying immobilized lysozyme or 

silver nanoparticles showed better antimicrobial activity against both S. aureus and E. coli compared to that of 

CNF and TO-CNF carrying immobilized lysozyme or silver nanoparticles.
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